JOURNAL OF THE 
AERONAUTICAL SCIENCES 





VOLUME 9 


SEPTEMBER, 1942 


NUMBER 11 





Tricycle Landing Gear Design—Part 2’ 


E. S. JENKINS anp A. F. DONOVAN 
Curtiss-Wright Corporation 


Nose Wheel Design 


GENERAL 


Ir THE DEVELOPMENT of a nose wheel installation, the 
designer is confronted with the problems of eliminat- 
ing shimmy, obtaining satisfactory maneuverability 
and ground-handling characteristics, providing ade- 
quate structural strength, and coordinating wheel size 
and location with the airplane geometry and structure. 
These problems are closely interrelated, and it is im- 
possible to give exact criteria covering all the factors 
involved in obtaining the most satisfactory installation. 
Enough is known about the various characteristics, 
however, to provide the information necessary to pro- 
duce a workable solution. Usually, the nose wheel size 
and type can be selected on the basis of the structural 
loads and space requirements. The tire size can be 
chosen to give low enough ground pressure to prevent 
burying; the trail can be determined from considera- 
tions of ground handling and wheel size; the caster 
angle is best fixed on the basis of structural, geometric, 
and ground-handling requirements; and the shimmy 
can then be prevented by the provision of damping 
adequate for the characteristics of the system. The 
damping required, however, is determined by the type 
of tire, caster angle, trail, and moment of inertia of the 
rotating assembly so that consideration should also be 
given in determining these items to their effect on the 
tendency to shimmy. For this reason, the problem of 
eliminating shimmy will be considered first so that in 
studying the other requirements their relationship to 
the shimmy problem can be considered. 


PREVENTION OF SHIMMY 
Theory of Shimmy 
All rubber-tired castering wheels tend to shimmy. 
The reasons for this can be found by studying the ac- 
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tion of a castering wheel when the spindle or caster 
axis is moved along a straight path and the wheel is 
started from a position at an angle to this path. 

In the initial position shown in Fig. 11, the centerline 
of the tire periphery in the contract area is a straight 
line and lies below the centerline of the wheel fork, 
which is at an angle, @, to the path along which the caster 
axis is to be moved. Initially, there is neither side load 
nor twist on the tire. The moment about the caster 
axis must be zero, of course, since it is a free swiveling 
joint, and this condition is satisfied by neither side forces 
nor torque from the ground contact area. 
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Fic. 11. Condition of wheel and tire at beginning of motion 


If, now, the caster axis is moved along its path a 
short distance, the tire will move along the path of the 
centerline of the tire periphery in the contact area at 
the angle @ to the path of the caster axis. The wheel 
fork will swivel about the caster axis slightly to account 
for the amount that the centerline of the wheel has 
moved toward the caster axis path. However, the fric- 
tion between the tire tread and the ground will keep 
the contact area from turning to line up with the wheel 
fork. The centerline of the wheel fork will then be at 
an angle to the centerline of the tire periphery in the 
contact area so that the wheel fork will be pulling with 
a sidewise component on the wheel contact area. 

The tire is thus deflected sideways and twisted be- 
tween the axle and the tread at the point of ground 
contact as shown in Fig. 12. Being an elastic body, the 
tire requires a torque and a side force at the contact 
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area to deflect it in this manner. The moment about 
the castering axis must be zero, however, or the fork 
would turn, so the moment of the side force about the 
caster axis must be equal to the ground torque. That 
is, 


S=SIDE FORCE 






Pi 


CASTER AXIS 
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Fic. 12. Condition of wheel and tire after moving a short 
distance. 


St-T=0 (44) 


If the caster axis were moved still farther along the 
course and if the tire tread were continued along its 
initial path, the ground forces would soon become 
greater than the frictional restraint and the tire would 
skid around. Actually, as soon as the tire is deflected 
sidewise or twisted, the peripheral centerline is dis- 
torted into a curve instead of the original straight line. 
Consider the case of a tire deflected sidewise only. The 
projection of the lower half of the peripheral centerline 
on the ground would resemble Fig. 13, showing the tire 
as it would look from below. It can be seen that the 
peripheral centerline in the region of contact has be- 
come a curve so that the tire tread is approximately 
following a circle of radius R. If the tire were only 
twisted, the peripheral centerline would resemble Fig. 
14. Here, the peripheral centerline is an S curve 
which in the region of contact can be considered effec- 
tively a straight line at an angle @ to the wheel center- 
line. 
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Fic. 13. Bottom view of a tire resisting a lateral ground force. 








Fic. 14. Bottom view of a tire resisting a ground torque. 


If the tire is both twisted and deflected sideways, the 
peripheral centerline will have a shape corresponding to 
the sum of the two effects. In the region of contact 
this would be an arc turned through an angle @ with 
reference to the centerline of the tire and displaced 
sideways a distance \ as shown in Fig. 15. It is easily 
seen that the radius of curvature of the arc is deter- 
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mined by the displacement A. If d is zero, the contact 
centerline is effectively straight. As X increases, the 
contact centerline becomes more and more curved 
concave toward the undisplaced tire center. 














Fic. 15. Bottom view of a tire resisting both a lateral force, 
and a torque from the ground. 


Returning now to the problem of the motion of the 
castering wheel, it is apparent that after the caster 
axis has moved ahead a short distance and the tire has 
been bent sideways and twisted the peripheral center- 
line in contact with the ground will be an arc instead of 
a straight line. The tire tread will follow this arc that 
is curving toward the caster axis. At the instant of 
starting forward, the contact centerline is a straight line. 
As the tire rolls forward and is deflected sideways, the 
contact centerline becomes increasingly curved with the 
tire deflection. The path of the tire centerline will, 
therefore, be approximately as shown in Fig. 16, to- 
gether with the positions of the fork centerline and 
caster axis. 
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Fic. 16. Kinematic shimmy. 


Because of the curvature of the arc of the contact 
centerline, the tire tread does not continue on its original 
path at the angle @ but turns slowly toward the path 
of the caster axis. It does not become parallel to the 
caster axis path, however, until well after it has crossed 
the path. When the tire contact centerline does be- 
come approximately parallel to the caster axis path at 
point A of Fig. 16, the centerline of the wheel fork is at 
an angle to the caster axis path and the tire is still de- 
flected sideways and twisted. The sidewise displace- 
ment is the distance between the centerline of the wheel 
and the centerline of the tire tread, and the angle of 
twist of the tire is the angle between the centerline of 
the wheel fork and a tangent to the path of the center- 
line of the tire tread at the corresponding point. In 
the figures, of course, angles and deflections have been 
exaggerated to illustrate the action. Because of the dis- 
placement of the tread with relation to the wheel center- 
line at the point A, the contact centerline is still an arc 
and the tire will continue to follow a curved path even 
though a tangent at the middle of the tire contact 
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centerline is parallel to the path of the caster axis. 
This curved path will bring it to point B. At point B 
the tire contact centerline has curved around sufficiently 
so that it lines up with the centerline of the wheel fork. 
The angle of twist of the tire and the twisting torque 
from the ground are therefore zero. Likewise, the 
centerline of the wheel is directly over the centerline of 
the contact area, so the sidewise displacement and side 
load are zero and the contact centerline is a straight 
line instead of an arc. The wheel fork centerline, how- 
ever, is at an angle to the path of the caster axis. The 
condition is thus exactly the same as that at the start- 
ing position of the wheel, except that the wheel is on 
the opposite side of the caster axis path. The actions 
just described would, therefore, be repeated, but with 
displacements and angles of opposite sign to those of 
the first part of the cycle. When the tire reaches the 
point C, the condition is exactly the same as at the 
starting position. Therefore, further movement of the 
caster axis would only repeat the previous motions. 

Thus, a rubber-tired, freely castering wheel will os- 
cillate from side to side when the caster axis is moved 
along a straight path at an angle to the original tire 
position. This phenomenon is known as kinematic 
shimmy. The maximum possible amplitude of this 
type of shimmy is limited by the friction between the 
tire and the ground. Obviously, if the displacements 
and angles get very large, the tire tread will skid on the 
ground until the tire more nearly lines up with the 
caster axis path. Pure kinematic shimmy is, therefore, 
limited in magnitude and, by itself, would not be seri- 
ous enough to interfere with the proper functioning of 
a nose wheel. 

Unfortunately, there are other effects that must be 
considered in a complete analysis of the problem. 
Roughly, the action may be described as follows. Ifa 
mass, such as an airplane, supported on rubber tires is 
pushed sideways and then released, it will vibrate side- 
ways at a frequency determined by the effective spring 
constant of the tire. Likewise, if a freely castering 
wheel of considerable mass and supporting an appreci- 
able load is twisted about its caster axis and then re- 
leased the wheel will vibrate torsionally at a frequency 
determined by the moment of inertia of the wheel 
about the castering axis and the effective torsional 
spring constant of the tire. In both of these cases the 
tire friction on the ground must be greater than the 
applied forces. 

Consider now a castering wheel with an appreciable 
moment of inertia about the castering axis executing the 
kinematic shimmy as previously described. At ex- 
tremely low speeds the conditions will be exactly simi- 
lar. As the forward speed increases, and with it the 
frequency of the kinematic shimmy, the period of oscilla- 
tion will become closer and closer to the natural tor- 
Sional period of the wheel. The forces acting on the 
tire due to the kinematic shimmy will then produce a 
forced vibration or dynamic shimmy of the wheel, 
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increasing in amplitude as the frequency becomes nearer 
to the natural frequency of the wheel. The vibration 
results in a greater twist and displacement of the tire 
than was the case in the kinematic shimmy, so that 
with each successive cycle the amplitude becomes 
greater and the oscillation more violent. This is par- 
ticularly true when the frequency of the kinematic 
shimmy coincides with the resonant torsional frequency 
of the castering wheel. At resonance, only small pul- 
sating forces are necessary to produce an infinite ampli- 
tude of oscillation. As the amplitude is measured by 
the angle of the centerline of the wheel fork to the 
caster axis path, this condition may be said to be real- 
ized when the wheel makes complete revolutions about 
the castering axis, a phenomenon that has been fre- 
quently observed on undamped castering wheels. 

The castering wheel and tire thus form a vibrating 
system with 2 degrees of freedom, lateral deflection of the 
tire, and twisting of the tire between the ground and 
the wheel axle. The kinematic shimmy, meanwhile, 
provides lateral and twisting forces on the tire at-a 
frequency proportional to the forward speed. Whenever 
the period of the kinematic forces approaches that of the 
vibrating system, the dynamic shimmy will become 
extremely violent. The vibrating system is the result of 
the spring actions of the tire and the mass of the wheel 
and cannot be eliminated so long as a pneumatic tire is 
used. The kinematic shimmy is the result of the tire 
flexibility and the characteristic of a tire that, when 
deflected sideways, the peripheral centerline becomes 
an arc concave toward its undeflected position. 
Therefore, any tire except one rigid laterally or tor- 
sionally will tend to shimmy. 

On the basis of the description of castering wheel 
shimmy just given, a complete mathematical analysis 
giving amplitudes, frequencies, divergences, and other 
information can be made if the necessary characteristics 
of the system are known. The data required are the 
lateral and torsional spring constants of the tire, the 
radius of curvature of the peripheral contact centerline 
for a unit lateral deflection of the tire, and the moment 
of inertia of the wheel and other castering parts about 
the caster axis. Such analyses have been made by 
Wylie,* Kantrowitz,‘ and Taylor.’ In these analyses 
an additional factor, the effect of tire angle of twist on 
the radius of curvature of the contact centerline, which 
was neglected in the previous discussion is included. 
The general theory remains the same, the difference 
being that in Fig. 15 the radius of curvature of the con- 
tact centerline is inversely proportional to the lateral 
deflection \ times a function of the angle 6, instead of 
to d alone. 

Any vibration can be stopped by providing a damp- 
ing device that will absorb more energy at all possible 
amplitudes of vibration than is fed into the system by 
the exciting forces. Methods of calculating the amount 
of damping required are developed from the mathe- 
matical theory in the references mentioned above. 
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It should be remembered that throughout the pre- 
vious shimmy description the caster axis has been forced 
to follow a straight path and resist the side load pro- 
duced on the tire. Obviously, on an actual airplane the 
reacting force must arise from the inertia of the air- 
plane. Therefore, at extremely low frequencies and 
speed the inertia force is negligible, the caster axis is 
free to move sideways, and the kinematic shimmy can- 
not be produced. As the speed increases, the resistance 
of the airplane to lateral movement increases accord- 
ingly, so that in the usual range of frequencies the re- 
sistance is so great that the assumption that the caster 
axis follows a straight path produces a negligible error. 
This problem has been solved analytically by Kan- 
trowitz‘ and Wylie.® 

The effect of the lateral restraint of the caster axis 
on the shimmy suggests that the shimmy might be 
eliminated by changing the characteristics of the sys- 
tem to eliminate the coupling between the 2 degrees of 
freedom. This amounts to disconnecting the exciting 
forces from the torsional system. Two methods of 
doing this have been proposed and tried experimentally.‘ 
Basically, both methods make it possible for the wheel 
to shift freely sideways without also rotating about the 
caster axis. Thus, it is impossible for any side force to 
build up on the tire to cause it to shimmy. The first 
method of providing this freedom is to leave a certain 
amount of clearance on each side of the wheel so it can 
slide sideways on the axle. The axle is bowed slightly 
to provide a tendency to keep the wheel centered on the 
axle. This method was tried by the N.A.C.A. on the 
Weick, W-1 airplane and proved satisfactory so long 
as the maximum angle of rotation of the castering 
spindie was limited to +13 deg. Other tests have not 
usually supported this theory, probably because the 
friction on the axle was too great, but possibly because 
the mass of the wheel was sufficient for its inertia forces 
to provide the necessary lateral restraint. The second 
method suggested for providing lateral freedom is to 
use two castering axes, one in front of the other, con- 
nected by an intermediate link as shown by Fig. 17. 
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Fic. 17. Double spindle castering wheel. 


The N.A.C.A. tested this system in the laboratory and 
found that it eliminated shimmy. The method has 
also been studied by E. R. Warner.’ The action of the 
system is obvious. No side load and torque can be built 
up on the wheel, since in accordance with Eq. (44) the 
moment would have to be zero about both castering 
axes at the same time—an impossible condition. This 
system would seem to be more practical than the slid- 










ing axle system for actual use, although the structura! 
complications are considerable and retracting difficulties 
would be increased. It might be possible, however, if 
such an arrangement would satisfactorily eliminate 
shimmy, to design it to be as light as a damped system. 
The elimination of the adverse effects of the damping 
friction on steering and ground handling and the re- 
moval of the necessity of servicing a dampener would be 
worth-while advantages. A partial compensation for 
the structural complications of the link would be the 
elimination of the scissors usually used to transfer the 
shimmy torque to the dampener. 


Damping 


The only means of preventing shimmy in use on air- 
planes at present is damping of some type. The other 
methods mentioned previously have either been found 
unsatisfactory under service operating conditions or 
have never been subjected to full scale tests. There- 
fore, the remainder of this section on shimmy preven- 
tion is devoted to the study of damping and dampeners 
and covers the effects of various factors on the amount 
of damping required, calculation of the damping neces- 
sary to produce a converging oscillation, kinds of damp- 
ing, and types of dampeners. 


Factors Affecting Damping Requirements 


The factors affecting the damping requirements are 
the tire characteristics, moment of inertia of the caster- 
ing parts about the caster axis, trail, and caster angle. 
It is obvious from the theory of shimmy previously 
developed that except for the caster angle, which was 
considered zero, these items are the determining factors. 
That the caster angle will also affect the shimmy is 
apparent from the consideration that with caster angles 
other than zero the torque from the tire must be broken 
up into components parallel and perpendicular to caster 
axis before using it in Eq. (44). Of the factors con- 
trolling the shimmy, the tire properties and castering 
moment of inertia are the most important, the trail and 
caster angle having a lesser effect. 

The tire characteristics involved in the determination 
of the damping requirements were mentioned briefly 
earlier in the paper. Values of tire constants were 
measured by Howard’ for streamline, low-pressure, and 
air wheel tires of approximately 16-in. diameter. These 
values were extended on the basis of geometric simi- 
larity and inserted in equations developed by Kan- 
trowitz‘ to give general formulas for the amount of vis- 
cous damping necessary to prevent shimmy in terms of 
the tire radius and momerft of inertia of the castering 
parts. These formulas are tabulated below: 


Air wheel tire Kmmz. = 0.287°V I, (45) 


Low-pressure tire Kie = 0.457°V I, (46) 
Streamline tire Kmaz. = 0.56°V I, (47) 
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The damping, K,,,,, is in terms of ft.lbs. per deg. per 
sec.; the tire radius, 7, is in ft.; and the moment of 
inertia J,,, is in slug ft. sq. These formulas are for zero 
caster angle and trail. No information is available as 
to their accuracy, but it seems probable that they satis- 
factorily indicate the relative amounts of damping re- 
quired by the different types of tires. Thus, a stream- 
line tire requires twice the viscous damping of an air 
wheel tire and 24 per cent more than a low-pressure tire. 
In general, variations in tire pressure or load have a 
negligible effect on viscous damping requirements. 

It is obvious from the above formulas that the damp- 
ing required is proportional to the square root of the 
moment of inertia of the castering parts and also that 
it varies as the square of the tire diameter. The mo- 
ment of inertia, however, is approximately proportional 
to the fourth power of the tire diameter so that, approxi- 
mately, the damping required increases with the square 
root of the fourth power times the second power, or as 
the fourth power of the tire diameter. 

Experimental data on the effect of trail on the damp- 
ing requirements is given by Howard.’ In general, for 
the usual amounts of trail the tendency to shimmy be- 
comes slightly greater with increase in trail. Wylie’ 
develops an analytic relationship for the effect of trail, 
but it is too complicated to be easily applied. 

A graph of caster angle coefficient is given by Wylie® 
based on experimental data on model tires reported by 
Kantrowitz.‘ A study of the analytic development of 
the damping equations shows that the viscous damping 
required is proportional to the square root of the caster 
angle coefficient. The damping required for a given 
caster angle, therefore, is equal to the damping for zero 
caster angle, as computéd by the formulas above, times 
the square root of the ratio of caster angle coefficient 
for the given caster angle to that for zero caster angle. 
Values of the square root of this ratio are plotted in 
Fig. 18 against caster angle, and the amount of damp- 
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Fic. 18. Effect of caster angle on viscous damping requirements. 


ing for a given caster angle relative to that for zero cas- 
ter angle can thus be read directly from the curve. 
The damping required increases with positive (caster 
axis sloping aft from the wheel) caster angle and, al- 


though it is not shown on the curve, experimental evi- 
dence given by Howard’ indicates that it decreases with 
negative caster angles down to —S8 deg. and, beyond 
this, slowly increases. 


Tire Constants 


In the previous section the general effect of various 
factors on the amount of viscous damping required to 
prevent shimmy has been given together with approxi- 
mate formulas for computing it. However, because of 
the scanty data on which these formulas are based, it 
is advisable to determine the tire constants experimen- 
tally for the tire under consideration with the values of 
trail and caster angle with which it is to be used. These 
tire constants can then be inserted in the damping 
formula developed by Kantrowitz‘ and the damping 
requirements can be determined. This will eliminate 
the errors introduced in Eqs. (45) through (47) by © 
assuming the tire constants functions of the tire radius 
and, in addition, will account for the effects of trail 
and caster angle. - 

There are four tire constants to be determined. Three 
of these are essential to any calculations on shimmy, 
but the fourth is required only if the effect of lateral 
motion of the airplane is to be taken into account. 
The three basic constants are: 

1. Ky, the curvature of the tire peripheral center- 
line in the contact area for a unit lateral deflection of 
the load point and no torsional restraint at the caster 
axis. 

2. Cl, the torque about the caster axis necessary 
to make the tire roll along a path at a constant angle @ 
to the wheel centerline with a unit lateral deflection of 
the load point from the wheel centerline. 

3. (C., the angle between the contact centerline and 
the path of travel, at unit lateral deflection of the load 
point, when the tire has been given a lateral deflection 
and the wheel made to roll straight along the path of its 
centerline extended. 

The fourth constant is usually neglected in the calcu- 
lations since it has a negligible effect on the damping 
except at low forward speeds; it is Z,, the lateral force 
at the ground necessary to produce unit lateral deflec- 
tion of the tire. These constants may be measured by 
the methods described by Howard.” 


Calculation of Viscous Damping from Tire Constants 


The damping necessary to prevent shimmy is a func- 
tion of the forward speed; this is apparent from the dis- 
cussion given in the section on the theory of shimmy. 
At the velocity requiring the maximum damping, K,,,., 
the value is given by Kantrowitz‘ as 


GO( | K, ) 
pe —1 48 
EN +a (48) 


1 





Kynar. = Iu 


In using Eq. (48) the units must be consistent. That is, 
if the constants were determined in units of Ibs., ft., and 
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ft.lbs., the moment of inertia should be in slug ft. sq., 
and the damping will be in ft.lbs. per rad. per sec. 

Kantrowitz‘ also determines the speed at which this 
damping is necessary as 


Vo = V C,/O.K, 


This result will be in ft. per sec. if the constants are in 
the same units as listed above. 


(49) 


Kinds of Damping 

Throughout the previous discussion on the elimina- 
tion of shimmy by damping, only viscous damping was 
mentioned. In practice, pure viscous damping is never 
used in actual shimmy dampeners since it would require 
an excessively large dampener. Actual dampeners 
usually use either dry friction damping or hydraulic 
damping, in which a fluid is forced through an orifice. 
In the mathematical development of the damping 
formulas, it was necessary to express the damping 
torque in terms of the angular velocity of the shimmy. 
The resulting differential equation has a simple analytic 
solution only when the damping torque is assumed to be 
directly proportional to the angular velocity. Damping, 
which is directly proportional to velocity, is known as 
pure viscous friction damping. Physically, this type of 
damping is approximated by a thin flat plate arranged 
to move edgewise through a viscous fluid. 

Dry or solid friction damping is usually considered 
mathematically to provide a constant damping force or 
torque independent of velocity. As described by its 
name, such a dampener usually uses dry friction to ob- 
tain the damping torque. Actually, damping produced 
in this manner is usually a maximum at zero velocity, 
decreasing somewhat as soon as motion begins and re- 
maining substantially constant for further increases in 
velocity. 

Hydraulic or turbulent fluid friction damping is de- 
scribed mathematically as producing resisting forces 
proportional to the square of the velocity. This type of 
damping is approximated by a flat plate arranged to 
supply the damping force by moving broadside through 
a fluid of low viscosity or by a system that forces a low 
viscosity fluid through an orifice. 

Spring-loaded, pressure relief valves are sometimes 
used in hydraulic dampeners, usually in addition to a 
small plain orifice. The spring-loaded valve remains 
closed until sufficient fluid pressure is built up to over- 
come the spring. The opening of the valve increases 
the total orifice area and thus prevents the torque from 
increasing as the velocity squared. By suitable design 
of the valve and valve spring, a wide variety of damping 
characteristics may be obtained. In general, for shimmy 
damping, satisfactory characteristics can be obtained 
by using an oil of medium viscosity forced through a 
simple orifice and by omitting the extra complications 
of a relief valve. ‘ 

Because of the lack of a direct analytic solution for 
problems involving other than pure viscous damping, it 
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is customarily assumed that if another type of damping 
takes an amount of energy out of an oscillation. equal 
to the energy taken out by a given amount of viscous 
damping it is equivalent to that amount of viscous 
damping for the purpose of damping the oscillation. 
This assumption usually gives satisfactory results for 
the types of damping generally encountered in practice. 
Therefore, if the amount of viscous damping necessary 
is known, the energy that must be absorbed from the 
vibrating system per cycle can be calculated. Accord- 
ingly, a dampener using other than pure viscous fric- 
tion but with the same energy capacity can be selected. 

In actual fluid dampeners the damping force or torque 
varies with the amplitude of the oscillation as well as 
with the instantaneous velocity. In addition, it is 
usually possible, by adjusting an orifice valve or pressure 
relief valve spring, to alter the characteristics over a 
considerable range. Manufacturers usually give the 
dampener characteristics as curves of torque against 
angular velocity for several different amplitudes at par- 
ticular control-valve settings. The general shape of these 
curves with the control valve set one-quarter closed is 
shown by Fig. 19. It is immediately apparent that they 
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Fic. 19. Typical hydraulic dampener characteristics. [° 


do not follow any mathematical laws as simple as those 
used to define viscous, hydraulic, and friction damping. 
The characteristic curves of each of these mathematical 
types of damping are also shown by dotted lines for 
comparison. It will be noticed that for the 5-deg. 
amplitude and correspondingly low velocities the curve 
corresponds to almost pure viscous damping. For 
greater amplitudes the damping torque increases at an 
increasing rate with velocity in the low-velocity range, 
but at high velocities the curvature reverses and the 
rate of increase of torques becomes smaller with in- 
creased velocity. The general effect of closing the con- 
trol valve is to steepen the curves and reduce the up- 
ward curvature near the origin. Thus, for the lower 
angular velocity range in which the dampener actually 
operates, closing the valve tends to make the damping 
less of the hydraulic type and more nearly of the vis- 
cous type, as well as increasing the amount of damping. 
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For a dampener with characteristics of this type it 
can be readily determined whether shimmy will be 
theoretically eliminated in an installation by plotting 
the required viscous damping as determined by the the- 
ory on the same graph with the dampener characteris- 
tics. As the viscous damping is given in terms of torque 
per unit angular velocity, this is a straight line passing 
through the origin with a slope equal to the calculated 
damping. It is apparent from the shape of the curves 
in the graph that the greatest probability of shimmy is at 
small angular velocities and, of course, correspondingly 
low amplitudes. If the required viscous damping line 
is tangent to the actual dampener characteristics at 
zero velocity, the dampener will be the minimum size 
necessary to produce a converging oscillation. This 
case is illustrated by Fig. 19. If the slope of the re- 
quired damping line is less than that of the dampener 
at zero velocity, the dampener is more than sufficient 
to eliminate the shimmy. On the other hand, if the re- 
quired damping line is steeper than the dampener char- 
acteristics at zero velocity so that more torque is re- 
quired at low velocities than the dampener can supply, 
the wheel will shimmy. In addition, if the required 
damping line crosses the dampener characteristic curves 
at a higher velocity so that above this velocity the 
dampener supplies more torque than is necessary, then 
the shimmy will be limited to a maximum amplitude 
where the energy absorbed by the excess over the re- 
quired viscous torque during the high velocity part of 
the cycle just compensates for the deficiency in-energy 
absorption during the low-velocity part of the cycle. 
If the required viscous damping line is above all the 
dampener curves, the shimmy will not be limited in 
amplitude by the dampener. The only satisfactory 
method in practice is to eliminate completely the 
shimmy, since even extremely small amplitudes are un- 
desirable. In addition, the damping equation holds only 
for small shimmy amplitudes and assumes that the 
tire does not skid. Therefore, if insufficient damping is 
provided to eliminate completely the shimmy, the am- 
plitude developed may be sufficient to alter the shimmy 
conditions so that the shimmy will continue to build up 
instead of reaching an equilibrium amplitude. It has 
also been found desirable ‘n some cases to use a greater 
degree of damping than the minimum that will pro- 
duce a converging oscillation, in order to damp out any 
disturbance in a single oscillation. 

Certain conclusions concerning other kinds of damp- 
ing can be drawn from Fig. 19. Dry friction damping, 
for example, has an excess of torque over viscous damp- 
ing at low angular velocities, has the same torque at an 
intermediate velocity, and is deficient in torque at 
higher velocities. Thus, from Fig. 19, as long as the 
maximum velocity during a cycle did not exceed that 
where the viscous damping line crossed the dry fric- 
tion line, the friction dampener would be absorbing 
more energy throughout the entire cycle than that re- 
quired to prevent shimmy. If the maximum velocity 


is greater than that at the line intersection, then dur- 
ing the portion of the cycle when the velocity is above 
this value the friction dampener will be absorbing 
less energy than the viscous dampener. The friction 
dampener will then prevent shimmy so long as the ex- 
cess energy absorbed during the low-speed part of the 
cycle is greater than the deficiency during the high-speed 
part. Obviously, as the maximum velocity of the cycle 
is increased, the energy deficiency for the faster part 
will increase also, so that a velocity will be reached 
where the high-speed deficiency becomes greater than 
the low-speed excess. If the wheel starts to shimmy at 
velocities in excess of this value, the shimmy will in- 
crease in amplitude; at velocities below this value it 
will be damped out. The maximum velocity during a 
cycle is determined by the frequency and amplitude 
of the shimmy. As discussed under ‘Theory of 
Shimmy” (Part 2), there is a certain frequency requir- 
ing the most damping. Therefore, for this frequency 
there is a certain maximum amplitude at which the 
frictional dampener will prevent shimmy. If the wheel 
strikes the ground at an angle to its path greater than 
this maximum amplitude, it will shimmy. Likewise, if 
it hits an obstruction that turns it through a sufficient 
angle, it will shimmy. 

Fortunately, there is an exception to this. If the 
angle is sufficient to cause the tire to skid, the skidding 
friction between the tire and ground will help absorb 
the shimmy energy until the angle has been reduced 
below the value where the tire skids. In addition, if 
the tire skids, the shimmy conditions are altered and 
the damping formulas no longer hold. In general, 
however, it has been found that if the friction damping 
is sufficient to prevent shimmy up to the angle at which 
the tire begins to skid it will prevent shimmy at all 
angles. It is considered advisable, however, to use a 
centering device to line up the wheel with the airplane 
so that the angle will be small at the time of ground 
contact. 

Howard’ has shown that the friction torque necessary 
to prevent shimmy in terms of the viscous damping 
is 


T = (4/4) VwOmar.K (50) 


where V = the forward velocity, w = circular frequency 
of the shimmy, Onar, = angle to path at which wheel 
touches ground, and K = viscous damping necessary 
to prevent shimmy at the same forward speed. 

An expression is also developed for the angle, 4 at 
which the tire will begin to skid sideways. This angle 
is given in terms of the tire constants as 


6 = CyuW/E, (51) 


where yw = skidding coefficient of friction of tire and W 
= load on wheel. 

From Eqs. (48), (49), (50), and (51), a general expres- 
sion was derived for the frictional torque. Substitution 
of the general values of tire characteristics mentioned 
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earlier in this expression reduces it to the simple form of 
Taz, = 0.06ruW ft.lb. (52) 


where 7 is the tire radius in ft. 

The constant, 0.06, is a maximum value, checked by 
test. Apparently the expression for the skidding angle 
leads to erroneous results in some cases, since simple 
substitution of the tire characteristics in the general ex- 
pression for Tar, gives constants in Eq. (52) varying 
from 0.02 for streamline tires to 0.06 for low-pressure 
and air wheel tires. In full-scale shimmy tests, how- 
ever, the constant was found to have a value between 
0.04 and 0.06 for a skidding coefficient of friction, u, of 
0.55. The experimental error is probably about the 
amount of this variation. 

Returning to Fig. 19 and considering now the curve 


for mathematically hydraulic or velocity squared . 


damping, it can readily be shown that this type of damp- 
ing could never be used alone to eliminate shimmy. 
The hydraulic damping torque is given by the equation 


where K, = aconstant for the dampener and § = angu- 
lar velocity of shimmy. 

This is the equation of a parabola symmetric about 
the torque axis. Since at the origin or for zero angular 
velocity the slope of this parabola is zero while the slope 
of the required damping as shown by the viscous damp- 
ing line remains constant, the hydraulic damping will 
always be less than necessary to prevent shimmy at low- 
angular velocities. As the shimmy velocity increases, 
the hydraulic damping torque, increasing with velocity 
squared, crosses the viscous damping torque line and 
for higher velocities supplies an excess of damping 
torque. Therefore, with a hydraulic dampener, the 
shimmy would build up to an amplitude where the ex- 
cess over the required viscous torque during the high- 
velocity part of the cycle would absorb sufficient energy 
to balance the deficiency during the low-velocity part 
of the cycle. The hydraulic dampener would therefore 
limit the maximum amplitude the shimmy could main- 
tain but would not eliminate it entirely. 


Construction of Fluid Dampeners 


Fluid dampeners used on airplanes to date have been 
of two general types: the vane, or automobile shock 
absorber type, and the oleo cylinder type. The Houde 
Engineering Corporation of Buffalo, N.Y., has kindly 
supplied information on the history of their develop- 
ment of vane-type, nose wheel shimmy dampeners and 
valuable engineering data on dampener characteristics 
and sizes. 

The vane-type dampener operates by compressing 
oil between two rotatable and two fixed radial vanes en- 
closed in a metal cylinder, thus forcing the oil through 
orifices in a central shaft to which the movable vanes 
are attached. Clearances between the rotating and 
fixed parts are kept as small as possible, and the cylinder 
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is kept full at all times by an oil reservoir maintained 
under positive pressure by a spring-loaded plunger and 
connected to the cylinder through check valves. An 
adjustable temperature-compensating valve controls 
the orifice sizes in the central shaft. This valve permits 
adjustment of the amount of damping and, once set, 
automatically corrects for changes in the oil viscosity 
with temperature. The general construction is shown 
schematically by the sketch of a section through the 
damping cylinder in Fig. 20. The angle through which 
the movable vane may be rotated is usually limited by 
clearances to not more than 60 deg. either side of the 
neutral position. There is also a practical limit on 
closing the orifice valve, since shutting the valve down 
too much increases the resistance at low-angular veloci- 
ties to a point where steering is made difficult. _Damp- 
eners in use at present have generally been operated 
with the control valve about half closed, in which range 
they develop around 30 pet cent of their maximum pos- 
sible damping torque. 








\ 
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Fic. 20. Section through the cylinder of a vane-type damp- 
ener. For clockwise rotation of the movable vanes, oil flows 
into the center along the heavy solid line (passing through the 
orifice regulated by turning the innermost tube) to the central 
tube, down the tube and out along the heavy dashed lines. 


The vane-type dampener has the advantage that it 
may be installed inside the shock strut piston and can 
even be made an integral part of the piston by using the 
piston wall for the dampener cylinder if desired. On 
this type of installation the dampener shaft extends out 
of the bottom of the piston and is restrained against 
turning by a scissors link connecting it to the shock 
strut cylinder. With this method the dampener case 
and attached vanes turn when the wheel casters while 
the central shaft and vanes remain fixed. If it is de- 
sired to have the dampener more accessible, it may be 
mounted on a bracket attached to the shock strut cylin- 
der. A scissors link is then used to carry the castering 
wheel torque from the shock strut piston to a collar 
pivoting about the shock strut cylinder. This collar 
is then connected by a torque arm and push rod to a 
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torque arm on the dampener shaft. If it is desired to 
have the nose wheel caster more than the 120-deg. limit 
of the dampener, the torque arm on the collar can be 
made shorter than that on the dampener or an eccentric 
drive may be used at the collar to permit 360-deg. rota- 
tion of the nose wheel. With the eccentric drive the 
damping would become zero for the 90- and 270-deg. 
positions of the nose wheel, but this would have no seri- 
ous effect since this position would only be used for 
ground handling. 

On the first two installations of a vane-type nose 
wheel shimmy dampener the correct size was deter- 
mined experimentally on three-wheeled carts that simu- 
lated the actual airplane landing gears. Later, experi- 
ments were conducted by towing nose wheel assemblies 
behind a truck as a one-wheel trailer. 
that extremely small dampeners would eliminate 
shimmy if operated with the control valve sufficiently 
closed but that the resultant high-operating pressures 
in the chamber made steering difficult. By using 
larger dampeners with the orifice valve well open, 
operating characteristics were obtained which produced 
little resistance at the low-angular velocities encoun- 
tered in steering, yet provided adequate damping under 
shimmy conditions. The minimum satisfactory damp- 
ener size is therefore not the smallest size that prevents 
shimmy but the smallest size that does not impede 
steering while preventing shimmy. It was found that 
for conventional nose wheels the desired result could be 
obtained by limiting the maximum value of the ratio 
between the nose wheel static load and the dampener 
torque per unit internal pressure. Approximately, this 
corresponds to making the dampener internal cylinder 
volume directly proportional to the nose wheel load. 
Successful dampeners have been designed in this man- 
ner for nose wheels with static loads ranging from 350 
to 12,000 Ibs. Fig. 21 shows an approximate, empirical 
relation derived by plotting the total internal dampener 
cylinder volumes against the static loads of the corre- 
sponding nose wheel assemblies for some 20 dampeners. 
This relationship is given primarily to permit estimates 
of space requirements in preliminary nose gear design 
work. The cylinders on which Fig. 21 is based cover a 
range of values of diameter to height ratio of from 1.5 
to 0.75 and, although the damping is theoretically inde- 
pendent of this ratio, caution should be used in estimat- 
ing sizes outside this range. Dampener overall dimen- 
sions are only slightly greater in diameter than the oil 
cylinder but are usually three to four times its length 
because of the packing glands, torque arm, and oil 
reservoir. 

In the initial vane dampener development work, it 
was found impossible to check the damping experi- 
mentally determined with that calculated in accordance 
with the method of Kantrowitz‘ by use of his theoretic 
tire constants. The full-scale tests proved so satisfac- 
tory that no further attempt was made to apply the 
theoretic method. However, an independent check by 
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Fic. 21. Empirical relation between internal cylinder volume of 
vane-type shimmy dampeners and static nose wheel load. 


the authors, using the extrapolated tire constants de- 
rived by Howard’ from full-scale tests, gave good agree- 
ment on one installation. The calculated damping was 
slightly less than that of the actual dampener with the 
control valve half closed. Data was not available for 
direct checking of other installations, but Wylie* shows 
good agreement in one case and Howard has shown fair 
agreement for the theoretic method when applied to dry 
friction damping. Since the determination of the dry 
friction damping requires assumptions concerning the 
skidding angle not necessary for finding the fluid damp- 
ing, it is logical to expect greater accuracy with fluid 
dampeners. 

Dampeners using a piston in an oil-filled cylinder have 
been used on several nose wheels. The by-pass valve 
may be located in the piston or in a pipe connected to 
each end of the cylinders. The installation is made on 
a bracket on the shock strut cylinder in the same man- 
ner as the bracket installation of the vane-type damp- 
ener. No information is available as to sizes or damp- 
ing characteristics of actual piston dampeners, but it 
should be possible to approximate the damping proper- 
ties by hydraulic theory. 

By omitting the by-pass valves and connecting a 
rudder-controlled, oil pressure source to opposite sides 
of the movable vanes or piston, it is possible to steer 
the nose wheel with either the vane- or piston-type 
dampener. The dampener thus can be made to per- 
form the dual functions of a steering and an antishimmy 
device. 

Several dampener installations have shown the im- 
portance of rigidity in the linkage between the wheel 
and the dampener. Any play will permit small oscilla- 
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Fics. 22 to 27. Dimensions as shown in Fig. 22 (upper left-hand 
corner) are positive. 


tions before the dampener begins to take effect, and 
these oscillations may cause fatigue failures, loosening 
of joints, and similar difficulties. It is recommended 
that the scissors links have forked joints and be of tor- 
sionally resistant sections to reduce deflections. The 
damping torque should be considered in the design of 
the nose wheel strut in addition to the usual loads, 
especially in drift landing conditions where the wheel 
must caster quickly upon striking the ground. 


GROUND HANDLING AND MANEUVERABILITY 


General 


The ground-handling and maneuverability charac- 
teristics of a tricycle landing gear are largely controlled 
by the nose wheel properties of trail, caster angle and 
castering friction, and the general gear dimensions of 
main wheel tread and distance aft of the airplane c.g. 
The effects of tread and rear wheel location were dis- 
cussed under ‘‘Directional Stability and Ease of Steer- 
ing’ (Part 1). The factors relating specifically to the 
nose wheel will be considered here. 


Effect of Caster Angle and Wheel Offset 


With various arrangements of caster angle and trail, 
a castering wheel will tend to come to rest at different 
angles of yaw at zero forward velocity. The trail, of 
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course, must always be positive—that is, the tire load 
point must be behind the caster axis in the plane of the 
wheel. This condition may be produced by several 
possible combinations of caster angle and wheel offset. 
These combinations are: (1) zero caster angle and 
positive wheel offset, (2) positive caster angle and no 
offset, (3) positive caster angle and positive wheel offset, 
(4) positive caster angle and small negative wheel off- 
sets, and (5) small negative caster angle and considera- 
ble positive wheel offset. Mathematically, the trail 
may be given for the centered wheel position as shown 
in Fig. 22 by 


t=f+rsina>0O (54) 





where ¢ = the trail, ry = the wheel rolling radius, f = the 
wheel offset, and a = the caster angle. 

The first combination shown in Fig. 23 is stable at any 
angle of yaw at zero forward velocity, and the trail re- 
mains constant throughout 360 deg. of castering. This 
type of installation is ideal for ground handling, since 
at low forward speeds the wheel does not seek a particu- 
lar position but follows the caster axis. The trail, re- 
maining constant with angle of yaw, provides large 
moments tending to turn the wheel to a new course even 
for sudden changes of course of large magnitude. 

The second combination (Fig. 24) tends to turn 90 
deg. from the centered position when at rest as shown 
by “‘b” since in this position the wheel center is lower 
than in position “‘a.’”’ In position “‘b,’”’ the effective 
trail tending to make the wheel follow the caster axis 
has become zero. Therefore, in use, this combination 
must be restricted against castering through angles 
greater than about 60 deg., otherwise the wheel will 
turn crosswise and prevent forward motion of the air- 
plane. This arrangement is not good for low-speed 
taxiing and ground handling since the wheel tends al- 
ways to caster around against the stops. The initial 
resistance is usually high, particularly in starting up, 
and it is frequently necessary to start moving in the 
direction the wheel is pointed and change to a straight 
course after the wheel speed becomes sufficient for the 
friction castering torque to steer the wheel. 

The third combination, positive caster angle and posi- 
tive wheel offset as shown in Fig. 25, will seek a position 
when stopped 180 deg. from the centered position. 
Since stops are usually used to limit the maximum 
angle of yaw to about 60 deg., the wheel will come to 
rest against the stops. For a 90-deg. yaw the effective 
trail is reduced from (f + 7 sin a) to f, the wheel offset. 
This is comparable to Case 2 where the trail disappeared 
entirely, since it was all produced by caster angle. In 
Case 3, which may be considered a combination of Case 

1 and Case 2,.the trail due to wheel offset remains con- 
stant but that due to caster angle changes with angle 
of yaw. This arrangement will have appreciably more 
moment tending to straighten the wheel out when mo- 
tion starts but will still be awkward for pushing or tow- 


ing. 
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The fourth combination (Fig. 26) is the case used on 
the front wheels of bicycles but, so far as is known, never 
used on airplanes. It can be obtained by revolving the 
wheel in Case 3 through an angle of yaw of 180 deg., 
providing the offset is not too large. Case 4 inherently 
tends to remain in the centered position when at rest 
just as Case 3 tends to turn 180 deg. from it. Case 4 
is stable in motion, however, only if the positive com- 
ponent of the trail due to caster angle is greater than the 
negative part due to the negative offset. It has been 
shown in Cases 2 and 3 that the trail due to caster angle 
decreases as the wheel is yawed, becoming zero for a yaw 
angle of 90 deg. Therefore, in Case 4 there is an inter- 
mediate angle of yaw between 0 and 90 deg., at which 
the trail becomes negative and the wheel directionally 
unstable. For this reason this type of castering unit is 
satisfactory only for small angles of yaw and, therefore, 
has not been used on aircraft. 

The fifth combination (Fig. 27), negative caster angle 
and a large enough wheel offset to make the trail posi- 
tive, is frequently used on tail wheels. This combina- 
tion tends to assume the centered position when at 
rest. Inasmuch as the trail is the sum of a negative 
component from the negative caster angle and a posi- 
tive component from the offset, the effective trail will 
increase with angle of yaw, the reason being that the 
negative component due to caster angle becomes smaller 
as the wheel is yawed. The tendency of the wheel to 
track (or follow the caster axis), therefore, increases as 
the wheel is yawed. This type of installation has good 
ground-handling characteristics, since the wheel is 
centered and offers a minimum resistance to forward 
motion at the instant of starting. The start may also 
be made straight ahead without waiting for the wheel 
to straighten out as is necessary in Cases 2and3. The 
tendency of the wheel to center, however, is not suf- 
ficient to interfere appreciably when the airplane is be- 
ing pushed or towed. In most cases this installation 
does present structural complications that have pre- 
vented its use for nose wheels. 


Effect of Friction in Castering Bearings and Dampener 


Friction in the castering system obviously tend to 
make ground handling and steering difficult. The 
amount of friction in any particular installation is de- 
termined principally by the design of the castering bear- 
ings, the bending moment and thrust on the bearings, 
and the resistance of the shimmy damping system. 
Castering, in most nose wheels, is made possible by 
letting the shock strut piston rotate in the cylinder. 
In such cases, it is also probable that the friction varies 
with the shock strut extension. At extremely low 
speeds the friction between the tire and the ground 
adds to the other frictions to further impede steering. 

Little information is available on the magnitude of 
these frictions found in service or on the maximum 
total friction that will still give satisfactory ground- 
handling characteristics. The indication is that the 
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dampener resistance is of much greater significance than 
the bearing friction. The dampener resistance depends 
on the kind and amount of damping used and the char- 
acteristics of the dampener. The amount of damping 
necessary is partially determined by the trail, while the 
trail, in turn, controls the steering moments that must 
overcome the friction. 

Considerable experimentation has been done with 
solid friction dampeners, and it has been quite thor- 
oughly proved by Howard’ that solid friction damp- 
eners make steering unsatisfactory except on very light 
airplanes. Fluid dampeners, consequently, have usu- 
ally been used to prevent shimmy. The resistance of 
a fluid dampener at the low-angular velocities used in 
steering is largely determined by the pressure per unit 
torque at which it operates. The smaller the dampener, 
the higher the fluid pressure must be for a given torque. 
A large dampener, operating at a low pressure, will, 
therefore, produce less resistance to steering than a 
small, high-pressure one capable of supplying the same 
amount of damping. Because of space and weight 
limitations, it is desirable to make the dampener as 
small as possible and still retain satisfactory steering 
characteristics. Mention was made previously that 
most vane-type fluid dampeners are operated with the 
control valve in the position where only about 30 per 
cent of the maximum damping torque is developed. 
This percentage torque was found to be the maximum 
for satisfactory steering in two installations that were 
used as a yardstick for other installations. The yard- 
stick installations had particularly small trails and, 
consequently, small steering moments. This was par- 
ticularly true at large angles of wheel yaw, since the trail 
was entirely due to caster angle and, accordingly, di- 
minished when the wheel was yawed as in Fig. 24. It 
is probable, therefore, that a nose wheel with a larger 
trail would steer properly under much more severe con- 
ditions, especially if the trail were the result of wheel 
offset so that it did not decrease with angle of yaw. In- 
crease in trail slightly raises the amount of damping 
necessary to prevent shimmy, but it may be that for 
moderate trails the wheel steering moment will be im- 
proved sufficiently to make it possible to obtain the 
increased damping from a considerably smaller, but 
more efficiently opérated, dampener. Thus, a moder- 
ate increase in trail, though requiring more damping, 
might make possible the use of a smaller dampener. 

Values of trail recommended by various authors vary 
from 16 to 50 per cent of the tire radius. Positive 
caster angles of from 8 to 20 deg. are also usually advo- 
cated. Experience indicates that a trail of from 25 to 
50 per cent of the radius is generally most satisfactory. 
This range of trail was found by Wernitz® to be used on 
most designs in service. 


Ease of Installation and Construction 


Throughout the preceding discussion on nose wheel 
design, the problem has been approached only from the 
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standpoint of obtaining satisfactory performance from 
the landing gear without reference to possible installa- 
tion and construction difficulties. A few problems that 
may involve compromises with the performance criteria 
will be considered here. 

On most airplanes, especially single-engined tractors, 
it is usually structurally desirable to have the nose 
wheel strut slope forward from the airplane. This 
arrangement permits a reduction in the length of struc- 
ture subjected to the nose wheel loads and also reduces 
the bending moments on the strut due to drag loads on 
the wheel. Since the strut is usually the castering axis, 
this arrangement produces a positive caster angle that 
requires more damping to prevent shimmy and inter- 
feres somewhat with ground-handling characteristics. 
The arrangement of a small negative caster angle that 
requires minimum damping and centers the wheel 
when at rest would require the strut to interfere with the 
propeller in order to keep the same wheel base. Prob- 
ably the best that can be used with a single nose wheel 
strut is a caster angle of zero. These considerations 
may be altered, of course, if an unconventional nose 
wheel support is used. 

The bending moment on a single-strut nose wheel 
support is also increased by wheel offset, which thus 
places the vertical wheel load behind the strut axis. In 
addition, wheel offset may complicate the retracting 
problem on wheels that are turned crosswise when re- 
tracted, since it will ordinarily result in the wheel being 
off the airplane centerline in the retracted position. It 
is possible in some cases to eliminate this difficulty by 
revolving the wheel during retraction about an axis 
through the wheel centerline and the top of the strut 
rather than the strut axis. This would involve some 
complication of the system, however, and is naturally 
to be avoided when retracting space permits. 


Steering Devices, Stops, Locks 


It is desirable in many cases to equip nose wheels with 
an irreversible steering device connected to the rudder 
pedals for use in low-speed taxiing. This device must 
be arranged to be disconnected by the pilot at will and 
should steer the nose wheel through an angle sufficient 
to enable the airplane to turn about one main wheel as 
a pivot. Other airplanes sometimes use a centering 
lock or catch, together with stops, limiting the throw of 
the nose wheel to the angle necessary to pivot about one 
main wheel. 

Stops, used to limit the wheel throw, should be de- 
signed to take appreciable loads, since their failure will 
usually result in damage to the dampener from exceed- 
ing its allowable angular range. This damage may not 
be detected and thus may result in violent shimmy and 
strut failure on the next flight. A suggested design 
criterion for these stops is the torque resulting from a 
force perpendicular to the wheel at the load point suf- 
ficient to cause the wheel to skid sideways under its 
normal static load. This torque may be considered ap- 
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the trail. The same criterion would also apply to steer- 
ing devices and locks. 


COMPARISON OF DESIGN CRITERIA WITH 
CHARACTERISTICS OF EXISTING AIRPLANES 


General 


As an approximate check of the validity of the criteria 
previously developed, the characteristics of three suc- 
cessful tricycle landing gear airplanes were determined 
and compared with the criteria. The characteristics 
determined were the resistance to turning over and the 
longitudinal stability when taxiing on the two rear 
wheels. The effective weight acting on the nose wheel 
was also determined for two of the airplanes and com- 
pared with the nose wheel static load. Lack of informa- 
tion on other airplanes prevented the determination of 
their characteristics, but it is hoped that data can be 
obtained in the future to make possible further compari- 
son of the criteria with design practice. 


Criteria for Stability When Taxiing on the Rear Wheels 


The longitudinal stability of the three airplanes when 
taxiing on the rear wheels was determined by the meth- 
ods developed earlier using Figs. 5 and 6 (Part 1). 

The results obtained from this procedure indicate that 
all three airplanes definitely satisfy the stability criteria. 
The actual rear wheel distance aft of the aerodynamic 
center was from 5 to 30 per cent less than the maximum 
permissible distance for stability in the horizontal posi- 
tion. Thus, with increase in angle of attack these air- 
planes would become even more stable due to the de- 
crease in p. The evidence, although not complete, 
indicates that the stability criterion should be adhered 
to, at least until some evidence to the contrary is pro- 


duced. 


Criteria for Stability Against Overturning 


The minimum satisfactory tread in per cent of the 
wheel base was determined by the use of Fig. 9 (Part 1). 
The three airplanes were found to exceed the criterion 
by 2, 9, and 15 per cent, respectively. 

Dimensions of other airplanes were not directly 
available but were approximated by scaling small three- 
view drawings. It was found that all except one were 
stable for coefficients of friction up to at least 0.8. The 
coefficient used in developing the criteria was 0.85. 
The one exception would resist overturning for fric- 
tional coefficients less than 0.62. This airplane was 
converted to a tricycle gear amphibian as an after- 
thought, having originally been designed as a flying 
boat. As a consequence, practical difficulties probably 


prevented providing a more adequate tread and made 
it necessary to use a lesser degree of stability, with a 
corresponding reduction in the ability to land cross 
wind. 


In general, it was found that the larger and 
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faster airplanes had a slightly greater degree of stability 
than the smaller and lighter models. 

It is apparent that adherence to the criteria for over- 
turning will produce an airplane with satisfactory 
characteristics in this respect, since there is no record of 
any difficulty of this type with any of the airplanes com- 
plying with it. There is some indication that a small 
reduction in the coefficient of friction may be made 
without sacrificing any of the desirable features of the 
landing gear. Further reductions in stability will 
probably seriously limit the angle of drift at which the 
airplane may be safely landed. 


Comparison of Nose Wheel Loads in Three-Wheel and Nose 

First Landings 

The percentage of vertical kinetic energy absorbed by 
the nose wheel in nose first and three-wheel landings was 
determined by Eqs. (1) and (9) for two of the airplanes. 
Lack of the pitching radius of gyration prevented the 
determination for the third airplane. 

For one, it was found that, in a three-wheel landing, 
11.3 per cent of the kinetic energy is absorbed by the 
nose wheel compared to 39.4 per cent in the nose first 
landing. For the other, the percentages are 18.5 per 
cent, maximum, in a three-wheel landing and 26.8 per 
cent, maximum, in a nose first landing. Thus, for the 
same sinking speed in both landing conditions, the nose 
wheel of the former is subjected to a load in a nose first 
landing three and one-half times that in a three-wheel 
landing, while the nose wheel of the latter would get 
only one and one-half times the three-wheel landing 
load. As these airplanes are multiengined designs of 
about the same weight and size yet differ widely in the 
ratio of nose wheel loads in the two landing conditions, 
the only conclusion that can be drawn is that the nose 
wheel load is dependent on the type, as well as the size, 
of the airplane. 

Based on the above percentage, the tire of the first 
airplane is 62 per cent overloaded for a nose first land- 
ing or, what amounts to the same thing, for fast taxiing 
on rough ground. It is reported that some difficulty 
has been experienced with this installation, and it is 
believed that more severe design conditions than the 
usual three-wheel landing are justified. It is felt, there- 
fore, that consideration should be given to this landing 
condition in any new designs and that landing tests 
should be made to determine actual sinking speeds and 
accelerations in nose first landings. In the meantime, 
conservative assumptions of the sinking speed should 
be used on all nose wheel designs. 


CONCLUSIONS 


By analysis of the theories and data presented, the 
following conclusions may be obtained. 
Effects of Wheel Base 


1. Increase in the distance of the nose wheel for- 
ward of the c.g. rapidly reduces the critical design loads 


on the nose wheel, decreases the probability, of pitching 
oscillations, and increases the resistance of the airplane 
to turning over. 

2. The distance of the rear wheels aft of the c.g. 
must be sufficient so that the c.g. will be forward of the 
rear wheels with the airplane in the tail-down attitude. 
At the same time, the distance aft of the wing aero- 
dynamic center should not exceed the maximum value 
at which the airplane will be longitudinally stable when 
taxiing on only the rear wheels at take-off speeds. 

3. An increase in the distance of the rear wheels aft 
of the c.g. also results in increased directional stability, 
a small reduction in the resistance to overturning, and a 
reduced likelihood of pitching oscillations during taxiing 
on all three wheels. 


Effects of Tread 


1. The tread should be sufficient so that in a land- 
ing with side drift the wheels will skid sideways and not 


overturn the airplane. : 

2. The larger the tread, the more maneuverable the 
airplane will be while taxiing. 

3. Satisfactory ratios between the values of wheel 
base and tread are best obtained by careful application 


of the criteria and cannot be arbitrarily defined. 


Effects of Caster Angle 


1. Positive caster angle increases the tendency to 
shimmy and requires additional damping. 

2. Positive caster angle causes the nose wheel to 
turn crosswise when stopped, increasing the difficulties 
of ground handling and steering at low speeds. 

3. Positive caster angle more nearly aligns the nose 
wheel strut with the resultant forces it must resist and 
thus reduces the bending moments. 

4. Positive caster angle makes it possible to use a 
shorter nose structure on the airplane for the same 
wheel base. 

5. Negative caster angles up to about 8 deg. de- 
crease the tendency to shimmy. 

6. Negative caster angles make the nose wheel cen- 
ter when stopped. 

7. For zero caster angle the nose wheel neither cen- 
ters nor turns crosswise when stopped but remains 
pointed in the direction in which it was last rolling. 

8. From the standpoint of handling characteristics 
and damping requirements, a zero caster angle is prefer- 
able. Structural requirements may, however, necessi- 
tate the use of a positive caster angle. 


Effects of Trail 

1. The trail must be positive at all times, at all pos- 
sible angles of yaw of the nose wheel, and at all encoun- 
ters of the nose wheel with obstructions. 

2. Increase in trail increases the tendency to shimmy 
and requires additional damping. 

3. Increase in trail improves the steering and 
ground-handling characteristics. 

e 
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4. It is possible that an increase in trail may permit 
reducing the dampener size, since the improvement in 
steering torque available may compensate for the addi- 
tional resistance of a smaller dampener absorbing a 
larger damping torque. 


Effects of Tire 


1. All rubber-tired castering wheels will shimmy un- 
less equipped with a damping device or other means of 
shimmy prevention. 

2. The amount of damping necessary to prevent 
shimmy can be estimated if certain characteristics of 
the tire and its installation are known. 

3. Streamline tires require the most viscous damp- 
ing; airwheel tires, the least; low-pressure tires are 
intermediate. The order is reversed when solid friction 
damping is used, although in this case little difference 
between tires can be detected. 


Effects of Moment of Inertia of Castering Parts 


1. The viscous damping necessary increases with the 
moment of inertia of the castering parts. 

2. The solid friction damping required is inde- 
pendent of the moment of inertia of the castering parts. 


Effects of Type of Damping Used to Prevent Shimmy 


1. Solid friction damping makes steering and 
ground handling too difficult to be satisfactory except 
on very small airplanes. 

2. Fluid dampener size is apparently controlled not 
by the smallest dampener that can prevent shimmy but 
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by the smallest dampener capable of providing the 
necessary damping, together with a small enough resist- 
ance at low-angular velocities to produce satisfactory 
steering characteristics. 

3. The amount of any particular type or combina- 
tion of types of damping necessary to prevent shimmy 
in a particular installation may be approximated mathe- 
matically. 


REFERENCES 


1 Stalker, E. A., Principles of Flight, The Ronald Press Com- 
pany, New York, 1931. 

2 Wetmore, J. W., The Rolling Friction of Several Airplane 
Wheels and Tires, N.A.C.A. T.R. No. 583, Washington, D.C., 
1937. 

3 Wylie, Jean, Dynamic Problems of the Tricycle Alighting Gear, 
Journal of the Aeronautical Sciences, Vol. 7, No. 2, pp. 56-67, 
December, 1939. 

4 Kantrowitz, A., Stability of Castering Wheels for Aircraft 
Landing Gears, N.A.C.A. T.R. No. 686, Washington, D.C., 
1940. 

5 Taylor, J. Lockwood, Oscillation of Castering Wheels, Air- 
craft Engineering, Vol. 13, No. 143, p. 13, January, 1941. 

6 Warner, E. R., The Double Spindle Wheel Castering System 
for Airplane Nose Wheels, Cleveland Pneumatic Tool Company, 
Cleveland, O. 

7 Howard, Walter B., A Full Scale Investigation of the Effect 
of Several Factors on the Shimmy of Castering Wheels, N.A.C.A. 
T.N. No. 760, Washington, D.C., 1940. 

8 Wernitz, W., Tricycle Undercarriage Development, Aircraft 
Engineering, Vol. 13, No. 143, pp. 6-12, January, 1941; Trans- 
lated from Luftwissen, Vol. 7, No. 3, March, 1941. 

9 Schilling, R., and Fuchs, H. O., Modern Passenger-Car Ride 
Characteristics, Journal of Applied Mechanics, Vol. 8, No. 2, 
pp. A-59-A-66, June, 1941. 








Erratum 


In the article ‘‘Dynamic Balancing as Applied to Transport 






Aircraft Propellers,’ by Dixon Speas and John C. Luttrell, in 
the July, 1942, issue of the JOURNAL, the caption of Fig. 2 should 
be corrected so that the fifth sentence reads: ‘Slope of inclined 


lines is 0.04.”’ 


Also, inking of reproduction (B) in the same 
figure makes 2.6 appear to be 2.3. 
















Rotor Bending Moments in Plane of Flapping 


ALEXANDER KLEMIN,* W. C. WALLING,{ ann WAYNE WIESNERt 
New York Unwersity and Kellett Autogiro Corporation 


SUMMARY 


The present paper, a problem in autogiro rotor stress analysis, 
can be outlined as follows: . 

1. Calculation of the characteristics of a typical autogiro em- 
ployed for illustrative purposes. 

2. Derivation of formulas for bending moments in the plane 
of flapping taking into account the effects of the weight of the 
blade, centrifugal force, inertia forces in flapping and aerodynamic 
thrust. 

3. Examination of the effect of the azimuth angle W on bend- 
ing moments at a given point on the blade. 

4. Effect of variations in yu, the tip speed ratio, on the bending 
moment at a given point on the blade. 

5. Examination of the effect of the ratio r/R on bending 
moments. 

6. Formulas for the centrifugal relief of bending moments. 

7. Comparison of bending moments obtained by the above 
methods with the bending moments obtained by the use of 
empirical formulas available hitherto. 

Certain simplifications have been employed. These are: 

(a) Only the first harmonic of the flapping motion is con- 
sidered. 

(b) Terms of a higher order than yz? are neglected. 

(c) The flow through the rotor disk is considered uniform. 

(d) Mass distribution along the span of the blade is uniform. 

(e) The product EJ is uniform along the span of the blade. 

(f) Stalling effects that may occur at portions of the blade are 
neglected. 

(g) Periodic twisting of the blade is not taken into account. 

The underlying aerodynamic theory is well known to those 
interested in the autogiro and no presentation of such theory is 
made in the present paper. 


SYMBOLS USED 


tip radius of the blade in feet 
radius at an intermediate point in feet 
angular velocity in radians per sec. 
line density of a blade in slugs per ft. 
angle in radians measured from the rearmost position 
of a blade 
angle in radians defining the lowest position of the 
blade with reference to the plane of rotation 
Bo — Bi cos (WY — YW) = a — a, cos ¥ — bh sin ¥ = 
alternative expressions for coning or flapping angle 
angle of attack of the plane of rotation 
V cos t/wR = nondimensional tip speed ratio 
angle of blade setting from line of no lift to plane of 
rotation in radians 
= induced angle = U,/U, in radians 
6+ = angle of attack of a blade element in radians 
lift slope coefficient referred to radians = 6 
flow through disk of rotation 
), = velocity at right angles to an element of the span of the 
Presented at the Rotating Wing Aircraft Session, Tenth Annual 
Meeting, I.Ae.S., New York, January 29, 1942. 
* Guggenheim Research Professor of Aeronautics. 
} Research Assistant. 
t Aerodynamicist. 


blade in the plane of rotation, in ft. per sec. = rw + 
uRw sin ¥ 
U, = resultant velocity at a blade element at right angles to 
the plane of rotation = xRw + e + e, cos VW + 
fi sin WV + e& cos 2¥ + f2 sin 2¥ 
Where x = u/wR €o = ayRw/2 &: = draw — aguRw 
fi = —raw €2 = aypRw/2 fe = byRw/2 
Ig = moment of inertia of a blade about the horizontal 
hinge in slugs sq.ft. = mR*/3 
OY = nondimensional constant = 3cpR*/Iy 
ao average flapping angle in radians 
a longitudinal flapping constant in radians 
by lateral flapping constant in radians 
ri) mean profile drag coefficient 
T; expression for thrust of a single blade in lbs. 
A, Se Sn or, B= SK SR 1dr, C, = Sk Jk dr 
= bending moment for a flexible blade at any point of a 
blade, positive when concavity is on the upper sur- 
face in ft.lbs. 
= bending moment for a rigid blade 
= bending moment due to the weight of the blade at any 
point of the blade 
= bending moment due to centrifugal force at any point 
of the blade 
bending moment due to inertia forces in flapping at 
any point of the blade 
moment due to aerodynamic thrust at any point of the 
blade 


CALCULATION OF THE CHARACTERISTICS OF A TYPICAL 
AUTOGIRO 


Characteristics of a Typical Autogiro 


KD-1B Autogiro with rectangular blades (Kellett 
Air Mail Giro). 


= 20 ft. 

= 1,256 sq.ft. 
2,275 Ibs. 
60 sq.ft. 
60/1,256 = 


0.006 (0.012 in 
calculation) 
29,000,000 Ibs. 
per sq.in. 
= 200 Ibs. ft. sec.? 
0.0478 48.3 Ibs. 
1.81 Ibs. per sq. 0.075 Ib. sec.? 
ft. sq.ft. 
6 =3deg. = 0.0524 = 0.135 in.‘ 
C = lft. 3cpR*/Iy = 5.71 


Formulas for Parameters 


The aerodynamic characteristics of the rotor are cal- 
culated with the aid of the following formulas: 

The nondimensional constant relating the aero- 
dynamic forces and moments to the moment of inertia of 
a flapping blade: 


y = 3cpR*/Iy (1) 
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The coefficient of disk flow, x = u/wR: 

6 2 1 x 6\2 

3 of 2 = al ~ oa — v2y2[ - “+ - ys 
ig (1 +H) x(x ?) ~** (; ‘) (2) 


where yu is assigned a value arbitrarily, which is kept 
throughout a series of calculations. 
The coefficient of thrust: 





2 
T, =o | o( + ae) + ad (3) 
Angle of attack of the rotor 7: 
tani = (x + '/2T.)/Vu? + x? (4) 
A tip-speed ratio: 
A = p/cos 7 (5) 
The tip speed in ft. per sec.: 
oR = Vw/Tp (6) 
Forward speed, in ft. per sec.: 
V = oR (7) 
The average flapping angle in radians: 
ao = y[(x/3) + (6/4)(1 + w?)] — C (8) 
where 
i JSo*mer dr es mgR?/2 
T yw* mw R*/3 
The longitudinal flapping constant in radians: 
a, = p[(80/3) + 2x] (9) 
The lateral flapping constant in radians: 
db, = 4/saou (10) 


Alternative Values of a, and b, (a,' and b,') 
There are possible alternative relationships: 
ay’ = */4u0 (11) 
by’ = 3aou/4 (12) 


which are employed when dealing with second harmonic 
terms in the expression for the thrust moment. The 
last two equations appear contradictory with Eqs. (9) 
and (10) but, since they involve neglect of terms in y', 
the contradiction is only apparent. 

It is well known that when the flapping is represented 
by a constant and a first harmonic the moment of the 
thrust at the flapping hinge is independent of the azi- 
muth angle VY. It is by making use of this fact and 
equating the periodic terms in the expression for thrust 
moment to zero that Eqs. (9), (10), (11) and (12) are 
derived. When, however, terms of higher order than yp’ 
are neglected, there appear to be available four equa- 
tions for the evaluation of two unknowns, namely, a; 
and b,. Equation (9) is obtained by equating to zero, 
at r = 0, the periodic term in cos VW and Eq. (10) by 
equating to zero, at r = 0, the periodic term in sin V- 
Therefore it is entirely logical in evaluating periodic 
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terms in cos V and sin WV to use the values of a; and }; 
derived from Eqs. (9) and (10), respectively. But when 
dealing with expressions in cos 2¥, it will be empirically 
more accurate to use Eq. (11), and with expressions in 
sin 2W to use Eq. (12). 


Calculation of Rotor Characteristics 


With the above data and the aid of the above equa- 
tions, the aerodynamic characteristics of the rotor have 
been calculated in Table 1 for » = 0.3,0.4 and 0.5. In 
the calculations the further approximation has been 
made that cosi = 1. The table indicates that w drops 
off slightly as u increases, which is contrary to practical 
experience. The discrepancy is not large and does not 
invalidate the general treatment. It does indicate, 
however, that to secure a better approximation to the 
value of w it is necessary to take orders greater than yu? 
into account. 


TABLE 1 


Aerodynamic Characteristics of the Rotor for Various Values of u, 
with y = 5.71, 0 = 3° = 0.0524, « = 0.0478, R = 20 ft. 





Value of u 0.3 0.4 0.5 

x = u/wR 0.0190 0.0193 0.0196 
:. 0.00420 0.00450 0.00485 
wR 426 412 396 

w 21.3 20.6 19.8 

V (= poR) 128 165 197 

do 0.1126 0.1181 0.1247 
c 0.005 0.005 0.005 
a 0.0535 0.0714 0.0895 
bh; 0.0450 0.0630 0.0831 
a,’ 0.0118 0.0157 0.0197 
by’ 0.0253 0.0355 0.0467 
R.p.m. 204 197 190 

V (m.p.h.) 87 113 134 





DERIVATION OF FORMULAS FOR BENDING MOMENTS IN 
THE PLANE OF FLAPPING 


The formulas are derived in the following order: 
moment due to (1) weight of the blade, (2) centrifugal 
force, (3) inertia force in flapping, and (4) aerodynamic 
thrust. The sign of the moment at a point on the span 
of the blade is taken as positive when the concavity is on 
the upper surface of the blade. The distance of the 
flapping hinge from the center of rotation is neglected. 
In dealing with the well-known expression of applied 
mechanics, M = { fw dx dx, it is convenient to intro- 
duce auxiliary functions for the double integration as: 


Se S; dr dr = [(r?/2) + (R?2/2) — Rr] = A, (13) 
Sc Spr dr dr = [(r?/6) + (R*/3) — (R*r/2)] = B, (14) 
Se Sev dr dr = [(r4/12) + (R*/4) — (R*r/3)] =C, (15) 
Expression for Moment Due to Weight of the Blade 

The moment at any point, 7, is given by 


M, = JS, Sy — mg dr dr = — mg [R*/2 + 
r?/2 — Rr] = — mgA, (16) 


& 









ROTOR BENDING MOMENTS 


Expression for Moment Due to Centrifugal Force 


The force in pounds per unit length due to the cen- 
trifugal force is mw*r and the component of the centrifu- 
gal force at right angles to the blade and, hence, 
producing a bending moment is —mw’r sin B = 
—mw*r8 approximately. Hence, the bending moment 
due to centrifugal force (for a rigid blade) is given 
by 


Mer = Bond ag — mw*rB dr dr = —mw*BB, (17) 


The moment due to centrifugal force can be submitted 
into a steady part, a part containing cos WV, and a part 
containing sin VW by inserting for 6 the expression dy) — a, 
cos YW — }; sin WY, so that 


Steady part of Mer = — mw*aoB, 
Part of Mer in cos V = mw*a,B, cos V 
Part of Mer in sin V = mw*),B, sin V 


(18) 


Expression for Moment Due to Inertia Forces in Flapping 


The inertia force per unit length is —mr, the sign 
being negative since the load is downward when there is 
positive angular acceleration. Hence, the bending 
moment due to the inertia forces in flapping is 


M, = JS, J,’ — mBr dr dr = —mpB, (19) 
Since 

B = a — a, cos VW — bi sin V 

8B = a, sin Vw — db; cos Vw 

B = a, cos Vw? + b; sin Vw? 


Inserting this expression for 8 in Eq. (4), 


Steady part of M, = 0 
Part of M; in cos V = —mw*a;B,cos VW = (20) 
Part of M, in sin V = —mw*b,B, sin V 


Expression for Moment Due to Aerodynamic Thrust 


If dT, is the value of the thrust for a blade element, 
then the moment due to thrust may be written as 
J; J,dT: dT;. With the assumptions and terminology 
previously given, it can be readily shown that 


dT; = 3cp[0(r?w? + w?R*w? sin? VW + 27Ruw* sin VY) + 
(rw + wRw sin V) (xRw + e@ + e, cos VW + 


fi sin V +e: cos 2¥ + fe sin 2W)} dr (21) 


On the hypothesis that terms of an order higher than y* 
may be neglected, it is possible to eliminate some of 
these terms. 


& = auRw/2, has order of magnitude yp? 

€ = birw — douRw, has order of magnitude py! 
fi = —raw, has order of magnitude yu! 

€ = ayRw/2, has order of magnitude yu? 

fe = byRw/2, has order of magnitude p? 


The terms that may be neglected are therefore repre- 
sented by the expression (uRw sin V) (@ + e cos 2V + 
fr sin? V), and for stréss analysis purposes: 


dT, = 3cp[0(r*w? + u?R*w? sin? VW + 27Ruw* sin V) + 
rw(xRw + @ + e,cos ¥ + fi sin V + @ cos 2¥ + 
fosin 2V) + uRw sin V(xRw + e, cos ¥ + f, sin V)] dr 

(22) 


To express results in terms of constants cos YW, sin ¥, 
cos 2W, sin 2V: cos? W = (1 + cos 2W)/2; sin? v = 
(1 — cos 2V)/2; sin ¥ cos W = sin 2W/2. Substituting 
these trigonometric relationships in Eq. (10), 


2R2 2 2R2 2 PAG 
dT; = 3cp | o - WO" _ Bo" COS 


2 2 


~ 





2rRuw? sin v) + rw(xRw + @& + e: cos V+ fi sin Y + 
é2 cos 2W + fo sin 2V) + uRw (+R sin YW + 


é, sin 2V 4 fi _ fi cos ¥) | dr (23) 


9 9 9 


~ = ~ 


The expression for the moment due to aerodynamic 
thrust then becomes: 


M,= J, J, 3¢p Le + 


2rRyuw? sin v)+ rw(xRw + @& + e,cos ¥ + fi sin ¥V + 


ot 


wRw? = ws?» R°w* cos 2V 
5) 5) 





é. cos 2V + fe sin 2V) + uRw («Re sin VW + 


. 9 9 
oc “5 = +4 nex <= =) drdr (24) 


It is convenient to subdivide /, into parts—namely, 
(1) steady part, (2) part in cos W, (3) part in sin W, (4) 
part in cos 2W, (5) part in sin 2¥—and to integrate each 
part separately. 

The steady part: 


Mr, = J,’ Sy 3cp | a + xRw*r + egwr + 


a ha + ae dr dr 





2 


~ 


Putting @ = ayRw/2 and 6; = —arw, and simplify- 


ing: 


Me, = Scpu? oc, + (xR)B, + (s*) A, | (25) 


Part in cos V: 
M rea y = Sy’ S; 3cp[rw (e: cos V)] dr dr 
Putting ¢, = dirw — ayuRw 
Mr cosy = 3Cpw*[biC, — aouRB,] cos ¥ (26) 
Part in sin V: 
Mriin y= Sy Sy 360(20rRuw? + refi + uxR%w?) sin V dr dr 
Putting fi = —raw: 
Mr? sin y = 3Cpw?(2ORuB, — aC, + wxR?A,] sin WV (27) 


Part in cos 2V: 
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. 6 —_ 2R2 2 
Mraoy = S, Sk dep | =a 


oa rwes — 


ad dr dr cos 2WV 





—Q\"w and a = ayRw/2: 


Mos oy = Sopa | - (=) A,+ auRB, cos 2V 
(28) 


Putting fi = 





~ 


Part in sin 2V: 
M tein wy = pone ie 3cp [rwfe + (€:/2)uRw] dr dr sin 2¥ 


Putting fe = (b:/2)uRw and e, = bwr — aowuR 


Morin oy = 3Cpw* | - (“ wR?) A,+ bu RB, sin 2V 
(29) 


Expression for Combined Effects of Centrifugal Force and 
nertia 
It should be noted that if Eqs. (6) and (8) are com- 
bined, the resultant value is — mw*a)B,. That the re- 
sultant has the steady value — mw*a)B, can be shown 
in another way. Thus, 


—mw*BB, —mpBB, = —mB,(w?B + 8B) = mB way 
B = a — a, cos ¥ — bh sin V 
B = a, cos Vw? + b; sin Vw? 


Then, 
w*B + B = w*(ay — a, cos WV — Bb sin V) + 
w*(ay cos V + by sin Vv) = w7do 


It is therefore seen that the bending moment at any 
fixed point of the blade consists of three parts: (1) a 
steady part due to the combined effects of blade weight, 
centrifugal force, and inertia forces in flapping, (2) a 
steady part due to aerodynamic thrust, and (3) periodic 
parts due to aerodynamic thrust in cos W, sin V, cos 2V 
and sin 2W. 


EFFECT OF VW, THE AZIMUTH ANGLE, ON THE BENDING 
MoMENTS AT A GIVEN POINT ON THE BLADE 


One of the first problems that occur to the stress 
analyst lies in the value or values of Y which are likely 
to give the worst bending moment for given values of 
r/Randy. In the calculations that follow r/R is taken 
as 0.5 and the value of » as 0.4. These two values are 
selected as being especially typical. The results of 
these calculations are given in the curves of Fig. 1, in 
which terms in cos 2¥ and sin 2W are calculated with 
the alternative values a;’ and }y’. 

Subsidiary values from Table 1 for n = 0.4, r/R = 
0.5, R = 20 are: ‘ 


A, = 50 x 
B, = 832 w 


0.0630 
0.075 


0.0193 by 
20.6 m 
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C, = 14.173 a = 0.1181 a,’ = 0.0157 
= 0.0524 a, = 0.0714 by,’ = 0.03545 
c= 1ft. 


Steady terms—from Eqs. (4), (6) and (13), the steady 
terms are: 


M, = —mgA, — mw*aB, + 3cpw* X 
te 
oc, + xRB, + (=) A, | . 


3,130 + 3,480 = 229 


—120.8 — 


Terms in cos ¥: From Eqs. (6), (8) and (14), the 
terms in cos W are: 


Mg v = 3Cpw*[biC, — auRB,] cos ¥ = 
324 cos VW = A cos V 


Terms in sin ¥: From Eqs. (6), (8) and (15), the 
terms in sin WV are: 
M,,, v = 3cpw?(20RuB, — aiC, + wxR?A,] sin ¥ = 
— 482 sin V = Bsin V 
Terms in cos 2V: 
p?R0 
ao 


_ 


)A, + a,’ ARB, | cos 2V = 


63 cos 2V = D cos 2¥ 


ek 2cps*| se ( 


Terms in sin 2V: 


My. 2v = 3cpw* | (s wR) A,+ b'aRB, | sin 2V = 


142.5 sin 2W = E sin 2¥ 








ROTOR BENDING MOMENTS 


Effect of VW, the Azimuth Angle, on the Aerodynamic 
Thrust 
It will be of interest to study the variation of aero- 
dynamic thrust with the azimuth angle. The results 
are given in the curve of Fig. 2. 
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The complete expression for the aerodynamic thrust 
T; of a single blade, on which the above calculations are 
based is given by: | 

Steady terms: 

0 
C = 3cpw*R® E + 

Terms in cos V: 

A cos VW = 3cpw*R® E _ J cos V 

Terms in sin ¥: 


B sin V = 3cpw*R® | _ 3 + ws | sin V 


Terms in cos 2V: 


= we 


~ 


2 , 
D cos 2W = 3cpw?R® | - di M. | cos 2V 


Terms in sin 2V: 


2 


~ 


’ 2 
E sin 2W = 3cpw*R® KE =_ = sin 2V 


Variation of Aerodynamic Thrust with r/R 


It is of interest now to study the affect of r/R on aero- 
dynamic thrust. The results are given in the curves of 
Fig. 3. 

An expression on which the above calculations can be 
conveniently based and in which terms are separated 
into a group independent of r, a group in 7, and a group 
in r* is as follows: 


2R2,,2 2R2,,2 9 
dT = aco ( - w? yu? R = 2V éoiieiad = 
p?R?w"*dy sin 2V 

9 


~ 








+ 20Ruw* sin WV + 


wxR — w*ayuR cos V + — 


_ 


ven'oR coo 38) 4. 





2b,'uR sin 2V Rw*b;’ sin 2V Rw?*a;’ cos 2V 
(: nail = @ +> r+ 


(Aw? + wd; cos WV — wa; sin wr | dr 


Discussion of the Effect of the Azimuth Angle VY on Bend- 
ing Moments 

From the curves of this section of the paper, the fol- 
lowing conclusions emerge: 

(1) As has long been known, but rarely set forth in 
mathematical terms, the bending moments for a rigid 
blade would be very high indeed. The steady term 
indicates a thrust moment at r = 0.5R of 3,480 ft.lbs., 
which is reduced to only 229 ft.lbs. by the combined 
action of the blade weight and centrifugal force. 

(2) The effect of second harmonic terms in the ex- 
pression for the bending moment is neither negligible 
nor highly important. 

(3) Contrary to the views of de la Cierva, it is not 
correct to neglect inertia effects and allow only for cen- 
trifugal force effects in computing bending moments. 
As might have been expected from the fact that the 
flapping moment is equivalent to a rotational motion 
about another axis, centrifugal force and inertia effects 
combined produce a bending moment that is independ- 
ent of the azimuth angle V. 

(4) The constant positive bending moment (which 
is also the mean bending moment) is considerably 
smaller than the maximum positive bending moment 
and smaller numerically than the maximum negative 
bending moment. 

(5) The maximum positive bending moment occurs 
on the retreating side at an azimuth angle of approxi- 
mately 300 deg. from the rearmost position of the blade. 
The maximum negative bending moments occur on the 
advancing side at YW = 120 deg. 
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(6) While the thrust is greater on the advancing side 
than on the retreating side, the distribution of thrust 
(owing presumably to the flapping motion) is such that 
on the advancing side the thrust moves inboard; on 
the retreating side the thrust moves outboard. 

(7) It is in this change of thrust distribution that 
lies the explanation of the changes in bending moment 
with the azimuth angle Y. On the advancing side, as 
the thrust moves inboard, the inertia effects and cen- 
trifugal force moments take charge and the bending 
moment becomes negative. On the retreating side the 
converse holds true. 


EFFECT OF # ON THE BENDING MOMENT AT A FIXED 
POINT ON THE BLADE 


The qualitative argument regarding the effect of yu is 
as follows: At the higher values of V and uy, there is 
greater asymmetry of the flow, hence greater violence 
of flapping, greater inertia accelerations, etc. There- 
fore, at the higher values of u greater variations in the 
bending moments at a given point on the blade might 
also be expected. For stress analysis purposes, it is 
evidently important to have an idea of the way in which 
bending moments vary with ». Accordingly, the calcu- 
lations under the heading “Effect of Y, the Azimuth 
Angle, ....” have been repeated with r/R held at 0.5, 
and u taken as 0.3 and 0.5, with results given in Table 2 
and Figs. 4 and 5. 


Discussion of the Effect of u on the Bending Moment 


From the curves and calculation, the following may 


be concluded: 
(1) The values of Y for which the maximum positive 
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TABLE 2 


Moments in Ft.Lbs. for Various Values of u 








m 0.3 0.4 0.5 

Steady part due to 

weight of blade —121 —121 —121 
Steady part due to cen- 

trifugal force —3190 —3130 — 3045 
Steady part of thrust 3,560 3,480 3,354 
Total steady part of 

moment 249 229 188 
Part in cos V 245 cos V 324 cos V 394 cos ¥ 
Part in sin ¥ —390sin¥ —482sinW¥ —562sin ¥ 
Part in cos 2V 38.3 cos 2 63 sin V 92.3 cos 2¥ 
Part in sin 2¥ 81.2sin2W 142.5sin¥ 215sin2v 





and negative bending moments occur are independent 
of the value of » and remain at 300 and 120 deg., re- 
spectively. 

(2) Increasing the value of u progressively decreases 
the value of the constant or mean value of the bending. 

(3) Increasing the value of u has but a limited effect 
on the maximum positive bending moment but greatly 
increases the maximum negative bending moment. 


EFFECT OF THE RATIO 7/R ON THE BENDING MOMENT 


It was previously determined that for the point r/R 
= 0.5 the maximum positive bending moment occurred 
when » = 0.5 and VW = 300 deg. At the same value of 
r/R = 0.5 the maximum negative bending moment 
occurred when w = 0.5 and W = 180 deg. In the sec- 


tion to follow it is proposed to investigate the effect of 
varying r/R, with » = 0.5 and W given the two values 
as above. 


The results are shown in Fig. 6. 
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Discussion of the Effect of r/R on the Bending Moment 


The main interest of the curves of Fig. 6 lies in the 
fact that at both YW = 120 deg. and Y = 300 deg. maxi- 
mum values occur at r/R = 0.4. Thus, additional evi- 
dence is made available for the belief that for an auto- 
giro rotor the maximum bending moments occur when 
r/R lies between 0.4 and 0.5. 


FORMULAS FOR CENTRIFUGAL RELIEF OF BENDING 
MOMENTS 


In reference 3 there is presented the derivation of a 
formula by Hohenemser, which, while it is based on 
some approximations, has far better physical and 
mathematical foundation that the empiric formulas 
available hitherto. 

The formula for a blade of constant mass density and 
constant moment of inertia is found, after rather trying 
integrations, to be 


Mag 
1 + 0.052 (R°CF, — o/EI,) 





M (30) 


= bending moment of the blade which is 
hinged but rigid 

= bending moment of the blade with allowance 
for its elastic properties 

= blade radius in in. 

= centrifugal force at the point where the 
radius is zero 

= moment of inertia of the span in in.‘ 

= modulus of elasticity in lbs. per sq.in. 


It is interesting to investigate whether this formula 
is physically logical by the following qualitative argu- 
ment. 

(1) The actual moment M = Mpgg—moment due to 
centrifugal relief. 

(2) The moment due to centrifugal relief ~ CF,oy, 
where y is the deflection. 


417 
(3) The deflection y ~ {S(M dx dx/EI) = 
(MR?/EI). 

(4) Hence, M = Mpg — KiCF,.MR?/EI and 
M = M,,/(1 + (KiCF,.R?/EID| which has the same 
character of the analytic expression of Eq. (30). 


Formula Presented in a Paper by Mulvey 
In a paper by H. J. Mulvey‘ the following empiric 

formula is given for the maximum moment of an elastic 

or flexible blade, rectangular in chord and with constant 

mass distribution: 

C’RT 


: \ (31) 


M= {1/0 + (12C"RT/BacK)] } { 


In connection with this formula, the following as- 
sumptions are made: 

(1) The maximum bending moment of the rigid 
blade occurs at 40 to 50 per cent of the blade radius. 

(2) C’RT/B represents the maximum bending 
moment in the plane of flapping of the rigid blade, R = 
radius, 7 = total thrust. 

(3) The factor C’ depends on the value of V sin V/ 
wR and has a maximum positive value for the retreating 
blade of +0.04 and a maximum negative value for the 
advancing blade of —0.06. 

(4) The factor C” depends on the mass distribution 
and has a value of 0.18 to 0.22 for conventional blade 
forms. 

(5) K =a flexibility factor = 1,000/tan~—'(2,000R/ 
EI) where tan~!(2,000R/EJ) is in degrees and R is in ft. 

(6) (> = average coning angle in degrees. 


COMPARATIVE CALCULATIONS 


It is interesting to compare the bending moments 
obtainable by Mulvey’s formula and by the methods 
developed in this paper. 


Maximum Bending Moments for the Rigid Blade 


From Fig. 5 it is apparent that the maximum positive 
bending moment with r/R = 0.5 and uw = 0.5 was 683 
ft.lbs. with Y = O deg. The maximum negative 
bending moment is — 830 ft.lbs. at r/R = 0.4 when V = 
120 deg. and » = 0.5, as seen in Fig. 6. 

Mulvey’s formula, Eq. (31), gives C’RT/B = 
[(0.04) (20) (2275)]/3 = 606 as the maximum positive 
bending moment and [— (0.06) (20) (2275)]/3 = —910 
as the maximum negative bending moment. Thus, 
Mulvey’s formula gives results close to those developed 
here. 


Maximum Bending Moments with Allowance for Cen- 
trifugal Relief 
With the use of Eq. (30)—for w = 19.8 (value of the 
angular velocity when » = 0.5) and m = 0.075: 


2R2 


CF, 0 = — 5,880 Ibs. 
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If E = 29,000,000 Ibs. per sq.in., then J, = 0.135 in.‘ 
The maximum positive bending moment of the elastic 
blade is given by 





a 683 = 124.5 ft.lbs. 


. 200? X 5,880 
hee Gonna x a) 





The maximum negative bending moment is given by 
M = —830/5.49 = —142 ft.lbs. 
By Mulvey’s formula, Eq. (31), the flexibility factor 
K = 1,000/[tan—'(2,000R/EIJ,)] = 1,716. 


veer = 34,560 in.Ibs. 


Then from Eq. (31) 


et 606 La 
1 + (34,560/Kao) 
606 
1 + [34,560/(1,716)(7.14)] 





= 160 ft.lbs. 





and the maximum negative bending moment 


M = —910/3.8 = —227 ft.lbs. 


1111. 
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CONCLUSIONS 


It has been shown that for an autogiro rotor of con- 
stant chord and blade setting: 

(1) The range between the maximum positive and 
maximum negative bending moments increases with the 
value of y. 

(2) The maximum bending moments are likely to 
occur where r/R = 0.4 or a little over. 

(3) The maximum negative bending moment occurs 
when Y = 120 deg. and the maximum positive bending 
moment occurs when ¥ = 300 deg. 

(4) The method based on aerodynamic investigation 
is in fair agreement with Mulvey’s formula as far as the 
moments of the rigid blade are concerned. 

(5) The two formulas for the relief of bending mo- 
ments by centrifugal force present relief of the same 
order of magnitude, but the relief factors are not in so 
close agreement as the moments for the rigid blade. 

It is believed that the methods presented in this paper 
place the subject on a better basis than the purely 
empiric formulas generally employed and that the fol- 
lowing further research is desirable: (a) extension of 
the methods to tapered autogiro blades; (b) application 
of the method to helicopter blades; (c) a closer examina- 
tion of the problem of centrifugal relief. 
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Tension and Compression Stress-Strain 
Characteristics of Cold-Rolled Austenitic 
Chromium-Nickel and Chromium- 
Manganese-Nickel Stainless Steels 


RUSSELL FRANKS* anp W. O. BINDER 


Union Carbide and Carbon Research Laboratories, Inc. 


SYNOPSIS 


The demand in recent years for lightweight high-strength 
structures, especially in the transportation industry, has created 
considerable interest in the corrosion-resisting chromium-nickel 
and chromium-manganese-nickel steels. These steels are aus- 
tenitic in character, and their strength can be most economically 
increased by application of cold-work, which, together with 
composition, determines their ultimate mechanical properties. 
Data have been published on the cold-rolled chromium-nickel 
steels, but practically no information is available on the austenitic 
type of chromium-manganese-nickel steels. The present paper 
gives data on these latter steels. The effects of various degrees 
of cold-work on steels of different compositions are presented in 
order to describe those steels that have high strength associated 
with good ductility, which is important from the standpoint of 
fabrication of the sections required for lightweight high-strength 
construction. 

The paper gives information on the stress-strain properties of 
the steels in both the longitudinal and transverse directions to 
rolling and shows the improvement obtained in these properties 
by application of the low temperature (200° to 300°C.) stress- 
relieving heat-treatment. It further shows that the 17 per cent 
chromium-7 per cent nickel steels, and the 17 per cent chromium- 
5.50 per cent manganese-4.50 per cent nickel steels have better 
tension and compression properties longitudinal to the direction of 
rolling than do the 18 per cent chromium-8 per cent nickel steels, 
particularly when the steels are cold-rolled to a tensile strength 
exceeding about 150,000 lbs. per sq.in. All these steels have 
better compressive properties transverse to the direction of 
rolling than longitudinal to the direction of rolling, but this 
difference is less marked in the 17 per cent chromium-7 per cent 
nickel steels and the 17 per cent chromium-5.50 per cent man- 
ganese-4.50 per cent nickel steels than in the 18 per cent chro- 
mium-8 per cent nickel steels. An attempt has been made to 
present the data on the steels so they will be of greatest value to 
the designer of lightweight high-strength structures. 


7 PURPOSE OF THIS PAPER is to report briefly the 
results of an extended investigation on the stress- 
strain characteristics of the cold-rolled austenitic type 
of stainless steel, which has been applied in the construc- 
tion of lightweight high-strength structures. The in- 
vestigation has included a study of the stress-strain 
characteristics both in tension and compression. The 
well-established methods were used in studying the ten- 
sion characteristics, but it was necessary to develop 


Presented at the Materials Session, Tenth Annual Meeting, 
I.Ae.S., New York, January 29, 1942. 

* Research Metallurgist. 

t Research Metallurgist. 


another procedure in order to determine the compres- 
sive properties of the relatively thin cold-rolled stain- 
less steel strip. The details of this procedure have been 
published elsewhere,' and the importance of having 
satisfactory data about compressive properties has been 
emphasized by Aitchison and Tuckerman® * who stated 
that the strength of structures made of thin sections, 
such as in airplane wings and airplane fuselages, is gen- 
erally limited by the strength of certain members carry- 
ing compressive loads, and unless such members are de- 
signed on the basis of compression it may lead to an 
unsafe or uneconomical structure. The method con- 
sists briefly of forming thin strip or sheet into cylinders 
having the proper slenderness ratio and diameter to 
thickness ratio so that when tested in compression they 
fail symmetrically to the axis. In the present paper 
only such reference will be made to the cylinder method 
as will aid in the discussion. 

It should be emphasized that the strength of austen- 
itic stainless steels can best be increased by application 
of cold-work. The extent of increase in strength is con- 
trolled by the amount of cold-work applied and the 
composition of the steel, as shown by Krivobok, et al.,‘ 
Lincoln,’ and Bandel.* In view of the importance of 
these two factors, one of the principal objects of the in- 
vestigation was to find steels in which the rate of work- 
hardening on cold-rolling was such that the resulting 
cold-rolled metal would have both high strength and 
good ductility in tension and in compression. 


TESTING METHODS 


The tensile experiments were made on samples from 
cold-rolled stainless steel strip approximately 0.035 in. 
thick in the longitudinal and transverse directions to 
rolling, using a standard-sized flat A.S.T.M. tensile 
specimen. The Berry gauge was employed with a 2-in. 
gauge length to obtain stress-strain data up to the 0.2 
per cent offset* in tension. However, in determining 
the slopes of the modulus lines in tension, two metric 
Huggenberger gauges, Type A, were used, one on each 
side of the sample, and the stress-strain measurements 


* U.S. Navy Dept. Specification No. 47S21la for Steel, Corro- 
sion-Resisting (18 per cent chromium-8 per cent nickel type) 
Sheet and Strip, Cold-Rolled, November 1, 1939. 
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TABLE 1 


Effect of Different Percentages of Nickel on the Rate of Work Hardening of 18 and 17 Per Cent Chromium Steels* 
All Steels Cold-Reduced 35 Per Cent 











Tension f -——Compression t——. 












=] = a ° r=] e = . s . 

05.8 be .8 & & 1o) Oog.8 bo ..8 

oo . c+: : we : bo : ae" 

s aoc oo o 7 os acc ogo 

23 $=°* Se ° F ihed 7 o3 g=° se”? 

2s =ad Oy 23% S¢ Pes =Es Oy 

oe Che Dre age i ag 2m Dre & 

Hea % %, % g& Sag ang Sia " $& oy wag 

No. Cr Ni Cc Os fas aoe eae ss M5 fan rok 
13 18.45 8.79 0.10 1 26 131,000 155,300 15 36 26 95,000 
3 27 155,000 173,400 ll 37 27 118,000 
E852 18.51 7.23 0.14 1 27 146,000 173,900 17 41 26 102,000 
2 27 151,000 174,400 14 41 27 132,000 
E851 18.57 6.29 0.12 1 27 194,000 218,300 14 47 26 141,000 
2 28 196,000 218,000 13 47 27 168,000 
E882 18.59 5.30 0.1 1 28 218,000 240,000 9g 48 28 184,000 
E880 17.39 8.11 0.1 1 27 144,000 179,800 15 40 25 116,900 
3 28 159,000 181,200 15 41 27 142,000 
E717 17.15 7.17 0.11 1 26 164,000 196,000 15 43 26 139,000 
2 27 180,000 198,000 14 44 27 161,000 
E850 17.45 6.28 0.12 1 28 195,000 229,500 14 48 26 171,000 
2 30 202,000 225,500 12 48 28 190,000 
E881 17.51 5.31 0.12 1 28 230,000 245,000 5 50 26 208,000 











* The steels contained from 0.50 to 1.32 per cent Mn and from 0.30 to 0.55 per cent Si. 
+ 0.035-in. thick strip tested longitudinal to direction of rolling. 


1 = As cold-rolled. 
2 = Cold-rolled, heated 72 hours at 200°C. and air-cooled. 
3 = Cold-rolled, heated 24 hours at 275°C. and air-cooled. 









were taken over a 2-cm. gauge length (0.787 in.). The beyond the elastic range into the plastic range until the 


0.035-in. thick samples tested were 7 in. long and °/, in. 
wide at the ends, with a 2'/2-in. long reduced section 
1/,in. wide. In testing for the yield strength at 0.2 per 
cent offset or for the slope of the modulus line using the 
Huggenberger gauges, loads were applied with a 60,000- 
lb. Baldwin Southwark Testing Machine, and sufficient 
time was allowed after application of each increment 
of load to permit the strain to be accurately measured. 
Without removal of the gauges the loads were applied 


yield strength at 0.20 per cent offset had been obtained. 
When this point was reached the strain gauges were re- 
moved and the samples were ftactured. 

The compression tests were made in both directions 
to rolling using the cylinder method. The samples 
employed in these tests were made from similarly cold- 
rolled stainless steel strip approximately 0.035 in. in 
thickness. In accordance with the requirement of the 
cylinder method the proper sized sections of the strip 




















TABLE 2 





Data Obtained in Tension and Compression Tests on 0.035-In. Thick Strip of 18-8 Steel 












———-Tension (C) ¢ — -———--Compression (D) t—-—-—-. 
2 . a . P = : b= P = ‘“ 
def 3 Bos : 2 Y Sef F Bo8 
6 8. gy gee Su, $aS oF & se gee San Fak wi 
BS 33 SH Say £25 88y eo8sy 8G; 8 4 fa, €25 85, gas 
83 32 $s 354 Boy wet GRA 22 fo gEA Boz wed Fae 
Hea % % % % % Oo SF FR BE, SF, Bae | ee 3% Soo S85 Bag Ses 
No. Cr Ni Mn _ Si C SP OS AS Emf Aza RS eal SS m5 Salt dea Roe ABa 
13 18.45 8.79 0.50 0.55 0.10 0 A L 29 13,300 36,000 94,500 61 80* 28 11,000 36,000 50,250 
eo "ss T 29 16,600 34,000 93,700 61 28 11,000 36,000 50,000 
E716 17.60 8.87 1.16 0.37 0.11 20 1 L 27 21,000 121,000 139,300 22 29 26 23,700 74,000 120,400 
20 2 L 27 50,000 128,000 141,200 20 30 28 42,000 94,000 129,400 
20 «1 T 28 40,000 113,000 138,500 17 27 36,900 121,000 145,000 
20 2 T 29 55,000 117,000 141,800 14 28 54,000 126,000 147,500 
13 18.45 8.79 0.50 0.55 0.10 35 1 L 26 53,000 131,000 155,300 15 36 26 17,100 95,000 151,800 
35 2 t 27. 60,000 155,000 173,400 11 37 27 47,600 118,000 158,000 
as..-3 T 30 56,000 130,000 166,200 11 27 42,700 148,000 183,110 
t 31 56,000 147,000 178,700 10 29 72,000 169,000 193,000 
E716 17.60 8.87 1.16 0.37 0.11 50 1 L 26 40,000 151,000 177,400 6 38 25 18,000 99,000 155,200 
50 2 L 27 63,000 167,000 187,000 5 40 26 43,000 129,000 168,200 
50 1 T 30 50,000 147,000 189,200 8 28 51,000 166,000 166,700 
50 2 T 31 53,000 164,000 198,300 6 29 65,000 183,000 211,000 














Annealed. 

As cold-rolled. 
Cold-rolled, heated 72 hours at 200°C. and air-cooled. 
Longitudinal to direction of rolling. 

Transverse to direction of rolling. 





* = Rockwell ‘“B’’ value. 
+C = Berry gauge data. 


data. 
tD = The 1.5-in. diameter cylinder tested had a slenderness ratio of 5 


and a diameter to thickness ratio of 40. 





Value for E based on Huggenberger gauge 
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ee | 






STRESS-STRAIN CHARACTERISTICS OF STAINLESS STEELS 


were formed into cylinders with specially designed 
bending rolls that gave a sample, after machining, ap- 
proximately 1'/ in. in diameter by 2in.inlength. The 
finished cylinder, which had a slenderness ratio of about 
5 and a diameter to thickness ratio of about 40, was 
tested in compression using two Huggenberger exten- 
someters of the metric type having a multiplication ratio 
of 1,175 to measure the strain. During test the proper 
increments of load were applied, and as before, sufficient 
time was allowed after application of each load to be 
sure that the correct strain value was observed. Load- 
ing was continued until the yield strength had been 
slightly exceeded, at which point the Huggenberger ex- 
tensometers were removed and the loading was in- 
creased until failure occurred by uniform buckling near 
the ends of the sample. The compression properties of 
the strip were determined longitudinal or transverse 
to the direction of rolling depending upon the manner 
in which the cylinder was formed. 

The proportional limit was determined by using the 
calculations of the stress-deviation method as a guide. 
The loading rate in tension and compression when using 
the Huggenberger gauges was about 2,000 lbs. per sq.- 
in. per min. and about 8,000 Ibs. per sq.in. per min. 
when using the Berry gauge. 

Certain of the tensile and compression samples were 
tested in the as-cold-rolled condition. Others were 
tested after heating at 200° to 300°C. (392° to 572°F.) 
24 to 72 hours, followed by air cooling to observe the 
effect of the low temperature’ stress-relieving heat- 
treatment on stress-strain characteristics. 


STEELS TESTED 


The materials included in this particular investiga- 
tion consisted of steels that ranged in chromium con- 
tent from about 16 to 20 per cent and in nickel content 
from about 5 to 10 per cent with up to 0.20 per cent 
carbon. All of the steels developed high strength on 
cold-rolling, but, as will be shown in the discussion of 
the results, certain of them had better ductility, and the 
properties of these will be discussed in detail. The 
properties of one of the steels of lower ductility as re- 
lated to strength will also be discussed to illustrate the 
influence of composition on physical characteristics 
after cold-rolling. 

As early as 1930 Becket® described the effects of man- 
ganese in promoting austenitic formation in steels con- 
taining 16 to 20 per cent chromium. His work showed 
that by the addition of 8 to 10 per cent manganese, 
steels containing 17 to 18 per cent chromium developed 
a structure consisting partly of austenite and partly of 
ferrite. These steels had good ductility and a high de- 
gree of corrosion resistance. Later on, in 1935, Becket, 
et al.,° described the effects of manganese and nickel 
jointly on steels of similar chromium content and 
showed that metal containing 17 to 18 per cent chro- 
mium, 5 to 6 per cent manganese and 4 to 5 per cent 
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Fic. la. Reduced 0 per cent by cold-rolling, heat-treated at 
1,050°C. Curve 1—Longitudinal to direction of rolling, tension. 
Curve 2—Transverse to direction of rolling, tension. Curve 3— 
Longitudinal to direction of rolling, compression. Curve 4— 
Transverse to direction of rolling, compression. 


g 
g 
c 
q 
ss) 
N 
9 
is) 
8 
g 
2 
& 
kK 
4 


STRAIN, 1N. PER IN. 


Fic. lb. Reduced 20 per cent by cold-rolling, longitudinal 
direction. 
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Reduced 20 per cent by cold-rolling, transverse direc- 
tion. 

Fics. 1lb-le. Curve 1—-As cold-rolled, tension. Curve 2— 
As cold-rolled and heat-treated at 200°C., tension. Curve 3— 
As cold-rolled, compression. Curve 4—As cold-rolled and heat- 
treated at 200°C., compression. 
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la-le. Stress-strain curves for 18 per cent 
chromium-8 per cent nickel steel. 
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Fic. 2b. Reduced 35 per cent by cold-rolling, transverse direc- 
tion. 
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Fic. 2d. Reduced 50 per cent by cold-rolling, transverse direc- 
tion. 


Fics. 2a—2d. Stress-strain curves for 18 per cent chromium-8 per cent nickel steel. Curve 1—As cold-rolled, 


tension. 


Curve 2—As cold-rolled and heat-treated at 200°C., tension. 


Curve 3—As cold-rolled, compression. 


Curve 4—As cold-rolled and heat-treated at 200°C., compression. 


nickel was substantially austenitic. The stress-strain 
properties of both the chromium-manganese and the 
chromium-manganese-nickel steels after cold-rolling 
have been studied but nothing has been published on 
the subject. All these data cannot be presented in the 
present paper, but data on the cold-rolled chromium- 
manganese-nickel steel are included in view of their 
excellent stress-strain characteristics. 


DISCUSSION OF RESULTS 


In order to determine the effect of cold-work as re- 
lated to composition, the series of steels containing 17 
and 18 per cent chromium, respectively, with about 


8.5, 7, 6, and 5 per cent nickel and about 0.12 per cent 
carbon were given a 35 per cent cold-reduction by roll- 
ing to strip approximately 0.035 in. thick. The strips 
were tested in both tension and compression, and the 
data in the longitudinal direction to rolling are briefly 
summarized in Table 1. , 

The data show that the 18 per cent chromium steels 
containing 7, 6, and 5 per cent nickel have higher 
strength in both tension and compression than the 18 
per cent chromium-8 per cent nickel] steel because of 
their greater rate of work-hardening. The rate of work- 
hardening of the 5 per cent nickel steel may be con- 
sidered to be too high in view of the relatively low duc- 
tility of the metal. Conversely, the rate of work- 
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Fic. 3b. Compression, as cold-rolled. 
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Fic. 3d. Compression, as cold-rolled and heat-treated at 200°C. 
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Fics. 3a—3d. Tangent modulus curves derived from stress-strain curves for 18 per cent chromium-8 per cent 
nickel steel. Longitudinal to the direction of rolling. 


hardening of the 18 per cent chromium-8 per cent 
nickel steel may be considered too low if high strength 
is required. The same general remarks apply for the 
17 per cent chromium steels containing 8, 7, 6, and 5 
per cent nickel with the exception that all of these 
steels are somewhat stronger than similar steels con- 
taining about 18 per cent chromium, indicating a higher 
rate of work-hardening for the 17 per cent chromium 
steels of comparable nickel content. It can also be said 
that the low-temperature heat-treatment at 200° to 
300°C. (392° to 572°F.) improves the stress-strain 
characteristics of all these steels. 

The testing was continued on cold-rolled strip (of the 
same thickness) of the 18 per cent chromium-8 per cent 
nickel and 17 per cent chromium-7 per cent nickel steels 
because these steels represented compositions with 
relatively slow and intermediate rates of work-harden- 
ing. The 18-8 steels were tested in the annealed con- 
dition and after cold-reducing in thickness 20, 35, and 


50 per cent, respectively, while the 17 per cent chro- 
mium-7 per cent nickel steels were tested in the an- 
nealed condition and after cold-reducing by rolling, 10, 
25, 35, and 40 per cent. 

The data obtained in the tension and compression ex- 
periments on the 18-8 steel are given in Table 2, and 
the stress-strain data are shown in Figs. 1 and 2. Al- 
though the tensile strength of the 18-8 steel can be in- 
creased to about 180,000 Ibs. per sq.in. by cold-reduc- 
ing 50 per cent, the steel has a relatively low compres- 
sive yield strength (99,000 Ibs. per sq.in.) at 0.2 per 
cent offset in the longitudinal direction to rolling and, in 
addition, the ductility is lower than expected. After 
20 and 35 per cent cold-reduction the compressive yield 
strengths in the longitudinal direction to rolling are 
74,000 and 96,000 Ibs. per sq.in., respectively, showing 
that the compressive yield strength of the 18-8 steel in 
the longitudinal direction to rolling is not greatly 
raised by increasing the degree of cold-work beyond 
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TABLE 3 
Data Obtained in Tension and Compression Tests on 0.035-In. Thick Strip of 17-7 Steel 
Tension (C) ¢ Compression (D) {—-— . 
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% Cold- 

oo reduction 
Condition 
of metal 
Direction 
to rolling 
Initial tangent 
E in million 
Ibs. per sq.in. 
Proportional 
limit, Ibs. 
per sq.in. 
Yield strength 
0.2% offset, 
lbs. per sq.in. 
Tensile 
strength, Ibs. 
per sq.in. 
% Elongation 
Rockwell “C” 
hardness 
Initial tangent 
E in million 
lbs. per sq.in. 
Proportional 
limit, lbs. 
Yield strength 
0.2% offset, 
Ibs. per sq.in. 
Buckling 
stress, Ibs. 

> per sq.in, 


,. = 2.2.9 
cS NN. Mm a Cc 


r 1 n Si 





7.23 1.28 0.43 0.11 


to 
-) 
= 
90 
o 
* 
to 
@ 
oe 
2S 
° 
ss 
S 


54,000 

€4,000 

81,000 
25,700 74,000 102,000 
127,000 5 16,000 96,000 151,400 
142,000 48,000 119,000 156,100 
124,000 43,000 143,000 172,200 
134,000 167,200 54,000 154,000 177,500 
164,000 196,000 29,700 139,000 184,500 
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* = Rockwell ““B” value. 1 As cold-rolled. 

+ C = Berry gaugedata. Value for E based on Huggenberger gauge data. 2 Cold-rolled, heated 72 hours at 200°C. and air-cooled. 

¢ D = The 1.5-in. diameter cylinder tested had a slenderness ratio of 5 3 Cold-rolled, heated 24 hours at 275°C. and air-cooled 
and a diameter to thickness ratio of 40. L Longitudinal to direction of rolling. 

A = Annealed. T = Transverse to direction of rolling. 
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Fics. 4a-4d. Tangent modulus curves derived from stress-strain curves for 18 per cent chromium-8 per cent 
nickel steel. Transverse to the direction of rolling. 
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20 per cent. The 18-8 steel exhibits much better com- 
pressive properties in the transverse direction to rolling. 
This is clearly illustrated by the tangent modulus curves 
of Figs. 3 and 4, which, like the stress-strain curves of 
Figs. 1 and 2, effectively show the improvement ob- 
tained by the low temperature heat-treatment at 200° 
to 300°C. (392° to 572°F.) after application of different 
percentages of cold-work. 

As previously indicated, the effect of cold-work in in- 
creasing the strength of the 17 per cent chromium-7 
per cent nickel steel is far more pronounced. The data 
for this steel after different percentages of cold-reduc- 
tion are given in Table 3 and are represented by the 
stress-strain curves of Figs. 5, 6, and 7. It is at once 
observed that the tensile strength of this steel can be 
increased to about 200,000 Ibs. per sq.in. by cold reduc- 
ing 35 per cent and that with this tensile strength the 
steel has a relatively high compressive yield strength, 
at 0.2 per cent offset, in the longitudinal direction to 
rolling. The steel also has good ductility. At lower 
tensile strengths the steel has a comparatively high 
yield strength in compression in the longitudinal direc- 
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Fic. 6c. Reduced 25 Per cent by cold-rolling, longitudinal 
direction. 
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Fic. 5. Stress-strain curves for 17 per cent chro- 
mium-7 per cent nickel steel. Reduced 0 per cent by 
cold-rolling, heat-treated at 1,050°C. Curve 1—Longi- 
tudinal to direction of rolling, tension. Curve 2— 
Transverse to direction of rolling, tension. Curve 3— 
Longitudinal to direction of rolling, compression. 
Curve 4—Transverse to direction of rolling, compression. 


tion, but, as in the case of the 18-8 steel, there is a dif- 
ference in the tension and compression stress-strain 
properties in the longitudinal direction to rolling, and 
this difference should be taken into consideration im de- 
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Fic. 6b. Reduced 10 per cent by cold-rolling, transverse direc- 
tion. 
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Fic. 6d. Reduced 25 per cent by cold-rolling, transverse direc- 
tion. 


Fics. 6a-6d. Stress-strain curves for 17 per cent chromium-7 i 
per cent nickel steel. Curve 1—As cold-rolled, 
tension. Curve 2—As cold-rolled and heat-treated at 200°-275 °C., tension. Curve 3—As cold-rolled, com- 
Pression. Curve 4—As cold-rolled and heat-treated at 200°-275°C., compression. 
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Fic. 7a. Reduced 35 per cent by cold-rolling, longitudinal Fic. 7b. Reduced 35 per cent by cold-rolling, transverse direc- 
direction. tion. 
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Fic. 7d. Reduced 45 per cent by cold-rolling, transverse direc- 


Fic. 7c. Reduced 45 per cent by cold-rolling, longitudinal t 
i tion. 


direction. 


Fics. 7a-7d. Stress-strain curves for 17 per cent chromium-7 per cent nickel steel. Curve 1—As cold-rolled, 
tension. Curve 2—As cold-rolled and heat-treated at 200°-275°C., tension. Curve 3—As cold-rolled, com- 
pression. Curve 4—As cold-rolled and heat-treated at 200°-275°C., compression. 
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Fic. 8c. Tension, as cold-rolled and heat-treated at 200°-275°C. 
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Fic. 8b. Compression, as cold-rolled. 
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Fics. 8a-8d. Tangent modulus curves derived from stress-strain curves for 17 per cent chromium-7 per cent 
nickel steel. Longitudinal to the direction of rolling. 


signing structures of the steel. The tangent modulus 
curves of Figs. 8 and 9 show the difference in the lon- 
gitudinal tension and compression properties and also 
the difference in the longitudinal and transverse prop- 
erties in both tension and compression. It is apparent 
from these curves that in the transverse direction the 
17-7 steel has exceedingly high compression properties. 
The improvement obtained by the low-temperature 
stress-relieving heat-treatment is again in evidence for 
the properties in both directions to rolling. 

As shown by the data in Table 4, the remaining steel 
included in the discussion contains approximately 
17.50 per cent chromium, 5.50 per cent manganese, 
4.50 per cent nickel and 0.12 per cent carbon. This 


steel was tested in the annealed condition and after 
cold-reducing 15, 25, and 35 per cent. The stress- 
strain data are presented in Figs. 10 and 11, and the 
tangent modulus curves in Figs. 12 and 13. It should 
be noted that the tensile strength of this steel is readily 
increased by cold-rolling and that after stress-relieving 
at 225°C. (440°F.) the cold-rolled strip has approxi- 
mately the same yield strength in tension as in compres- 
sion in the longitudinal direction to rolling. This is 
considered to be an advantage. The data further show 
that the steel has a high ductility which is retained 
after stress-relieving even though a marked improve- 
ment, as revealed by the tangent modulus curves, is 
obtained in the stress-strain characteristics. Like the 
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Fic. 9b. Compression, as cold-rolled. 
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Fic. 9c. Tension, as cold-rolled and heat-treated at 200°-275°C. Fic. 9d. Compression, as cold-rolled and heat-treated at 200°- 


275°C. 


Fics. 9a-9d. Tangent modulus curves derived from stress-strain curves for 17 per cent chromium-7 per cent 
nickel steel. Transverse to the direction of rolling. 


cold-rolled 18 per cent chromium-8 per cent nickel and 
the 17 per cent chromium-7 per cent nickel steels, the 
chromium-manganese-nickel steel exhibits the higher 
resistance to compressive stress in the transverse direc- 
tion. The comparison may be carried further with the 
statement that the cold-rolled chromium-manganese- 
nickel steel has superior physical properties to the 
18-8 steel and is at least equal in this respect to the 
17-7 steel. 

A few remarks should be made in regard to the cor- 
rosion resistance of the chromium-manganese-nickel 
steel. While the steel has not been used widely under 
commercial conditions in this country, tests made on it 
show that it has satisfactory resistance to staining in 
the atmosphere. The steel successfully resists other 








types of corrosion and in general is considered com- 
parable to the 17 per cent chromium and 7 per cent 
nickel steel. 

The curves of Figs. 14 to 19, inclusive, make possible 
a further study of the properties of the 18 per cent 
chromium-8 per cent nickel, the 17 per cent chromium- 
7 per cent nickel, and the 17 per cent chromium- 
5.50 per cent manganese and 4 per cent nickel steels. 
These curves have been constructed using different 
stress levels and simultaneously taking into considera- 
tion the tangent modulus and the percentage of cold- 
work applied to the steels. They show, in the first 
place, that the 17 per cent chromium-7 per cent nickel 
and the 17 per cent chromium-—5.50 per cent manganese, 
and 4 per cent nickel steels are approximately equal in 
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TABLE 4 
Data Obtained in Tension and Compression Tests on 0.035-In. Thick Strip of Chromium-Manganese-Nickel Steel 

















Tension (C) t-——-——. Compression (D)t 
~ - +4 as 
oe as = 3 g 8 a) SoH 3 bis 
) a ee , : ees § at's : 
of $4 §7 S3% ga Gee gt &. Gg See cig Eek pds 
Se se gs g88 Boe och GEE 22 FS gfR Be otk deg 
Heat %© % % % % “so gf EG 28, fa, Sas 8s n gt Soo Say B85 885 
No Cr Ni Mn Si C S82 oS AS Fmt asa Fof ag2 We %S Saf asa pel . mga 
H194 17.52 4.34 5.43 0.27 0.12 0O A L 29 25,500 40,700 138,500 65 90* 29 15,000 48,000 70,200 
H194 17.52 4.34 5.43 0.27 0.12 0O A T 29 25,500 41,000 141,500 62 29 10,000 48,000 70,300 
H194 17.52 4.34 5.43 0.27 0.12 15 1 L 28 30,000 85,000 170,500 37 30 26 14,800 68,000 118,800 
H194 17.52 4.34 5.43 0.27 0.12 15 2 L 28 30,000 84,000 165,100 46 30 27 25,000 85,000 121,400 
H194 17.52 4.34 5.43 0.27 0.12 15 1 . 28 31,100 83,000 162,000 33 26 23,600 98,000 125,300 
H194 17.52 4.34 5.43 0.27 0.12 -15 2 T 28 34,000 94,000 154,100 40 27 37,000 101,000 129,800 
H194 17.52 4.34 5.43 0.27 0.12 25 1 L 27 34,100 119,000 183,000 25 40 26 18,300 102,000 160,000 
H194 17.52 4.34 5.43 0.27 0.12 25 2 L 28 34,100 133,000 179,500 32 40 27 38,200 127,000 165,000 
H194 17.52 4.34 5.43 0.27 0.12 25 1 : 29 44,000 109,000 199,500 14 26 39,900 146,000 174,700 
H194 17.52 4.34 5.43 0.27 0.12 25 2 T 29 45,000 132,000 173,500 17 28 56,000 150,000 176,000 
H194 17.52 4.34 5.43 0.27 0.12 35 1 L 28 33,000 157,000 213,000 19 45 26 28,700 140,000 192,500 
H194 17.52 4.34 5.43 0.27 0.12 35 2 L 28 54,000 182,000 203,500 18 45 27 57,400 168,000 202,000 
H194 17.52 4.34 5.43 0.27 0.12 35 1 T 31 40,000 137,000 215,000 10 28 48,800 193,000 218,700 
H194 17.52 4.34 5.43 0.27 0.12 35 2 = 31 52,000 171,000 207,000 10 29 95,000 207,000 228,600 
* = Rockwell “B” value. A = annealed. 
+ C = Berry gauge. Value for E based on Huggenberger gauge data. 1 = As cold-rolled. 
t D = The 1.5-in. diameter cylinder tested had a slenderness ratio of 5 2 = As cold-rolled, heated 24 hours at 225°C. and air-cooled. 
and a diameter to thickness ratio of 40. L = Longitudinal to the direction of rolling. 
T = Transverse to the direction of rolling. 
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Fic. 10a. Reduced 0 per cent by cold-rolling, heat-treated at 
1,050°C. Curve 1—Longitudinal to direction of rolling, tension. 
Curve 2—Transverse to direction of rolling, tension. Curve 3— 
Longitudinal to direction of rolling, compression. Curve 4— 
Transverse to direction of rolling, compression. 
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Fic. 10b. Reduced 15 per cent by cold-rolling, longitudinal 


direction. 


Fics. 10b-10c. Curve 1—As cold-rolled, tension. Curve 2—As cold-rolled and heat-treated at 225°C., tension. 


tensile strength after cold-working to the same degree, 
with the exception that after 25 and 35 per cent cold- 
reduction the chromium-manganese-nickel steel has 
somewhat higher compressive properties in the longi- 
tudinal direction to rolling, particularly when the low 
temperature stress-relieving heat-treatment is em- 
ployed. A study of these curves reveals the improve- 
ment secured by application of the low-temperature 
heat-treatment and the superiority of the cold-rolled 
17-7 and chromium-manganese-nickel steels over the 
cold-rolled 18-8 steel for resisting deformation under 
high stresses. It is believed that these curves permit 
ready interpretation of the stress-strain data. 


SUMMARY 


The study of the effect of cold-work on the stress- 
strain characteristics of stainless steels of the austenitic 
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Fic. 10c. Reduced 15 per cent by cold-rolling, transverse 
direction. 
Curve 3—As 


cold-rolled, compression. Curve 4—As cold-rolled and heat-treated at 225°C., compression. 


Fics. 10a-10c. Stress-strain curves for Steel H194 containing 17.52 per cent chromium, 4.34 per cent 
nickel, 5.43 per cent manganese, 0.27 per cent silicon, and 0.12 per cent carbon. 
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Fic. lla. Reduced 25 per cent by cold-rolling, longitudinal Fic. 11b. Reduced 25 per cent by cold-rolling, transverse 
direction. direction. 
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Fic. lle. Reduced 35 per cent by cold-rolling, longitudinal Fic. 1ld. Reduced 35 per cent by cold-rolling, transverse 
direction. direction. 


Fics. lla-lld. Stress-strain curves for Steel H194 containing 17.52 per cent chromium, 4.34 per cent nickel, 
5.43 per cent manganese, 0.27 per cent silicon, and 0.12 per cent carbon. Curve 1—As cold-rolled, tension. Curve 
2—As cold-rolled and heat-treated at 225°C., tension. Curve 3—As cold-rolled, compression. Curve 4—As cold- 
rolled and heat-treated at 225°C., compression. 


type in tension and compression has shown that the rolling the metal, which results in low ductility and 
composition of the steel has an important influence comparatively low compressive strength in the longi- 
and that if the composition and percentage of cold-re- tudinal direction to rolling. If the nickel content is 
duction are controlled the steels have predictable stress- reduced to give steels that are not quite austenitic, the 
strain properties that make them suitable for light- rate of work-hardening is neither too fast nor too slow, 
weight high-strength construction. and high strength with good ductility is obtained. 

If the chromium-nickel steel is fully austenitic, its Cold-rolled steels in which high strength and good 
rate of work-hardening on cold-rolling is relatively slow, ductility are obtainable are those that contain 16 to 
and it is impractical to obtain tensile strengths of 200,- 18 per cent chromium and about 7 per cent nickel with 
000 Ibs. per sq.in. or higher without excessively cold- 0.10 to 0.16 per cent carbon. Similarly, good proper- 























STRESS-STRAIN CHARACTERISTICS OF STAINLESS STEELS 431 








200 200 
= SY 
. . 
120 « 120 
S S 
8 60 8 60 
~*~ be 
3 3 
c S 
N x2! |o 
%) ae) 
= O “4S. | 
Tn wa 2) oe a: . 2 a ee ae 
TANGENT MIODULUS, (000000 £8 PEE SQ /N TANGENT MIODULUS, 4000000 £8 PE SQ 1/N 
Fic. 12a. Tension, as cold-rolled. Fic. 12b. Compression, as cold-rolled. 
200 200 
8 ~ 
& 
: : 
% 120 - (20 
N ~ 
§ a0 8 x 
fe 8 
DS) 
No X #0 
4 va) 
0 O mm 
O 7O /4 78 ce LO 30 Oo sO /A 78 ce CO 30 
TANGENT MODULUS, {000000 48 PE SQ 1N TANGENT MODULUS, {000000 18 PEL SX2/N 


Fic. 12c. Tension, as cold-rolled and heat-treated at 225°C. Fic.12d. Compression, as cold-rolled and heat-treated at 225°C. 


Fics. 12a-12d. Tangent modulus curves derived from stress-strain curves for Steel H194 containing 17.52 
per cent chromium, 4.34 per cent nickel, 5.43 per cent manganese, 0.27 per cent silicon, and 0.12 per cent carbon. 
Longitudinal to the direction of rolling. 
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Fic. 13a. Tension, as cold-rolled. Fic. 13b. Compression, as cold-rolled. 


(Figs, 18c and 13d follow on page 432) 
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Tension, as cold-rolled and heat-treated at 225°C. Fic. 13d. Compression, as cold-rolled and heat-treated at 225°C. 
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Fics. 13a—13d. Tangent modulus curves derived from stress-strain curves for Steel H194 containing 17.52 
per cent chromium, 4.34 per cent nickel, 5.43 per cent manganese, 0.27 per cent silicon, and 0.12 per cent carbon, 


Transverse to the direction of rolling. 


ties are obtained in the cold-rolled chromium-man- 
ganese-nickel steels containing 16 to 18 per cent chro- 
mium, 5 to 6 per cent manganese, 4 to 5 per cent nickel 
and 0.10 to 0.16 per cent carbon. In fact, the chro- 
mium-manganese-nickel steels have somewhat higher 
compression properties in the longitudinal direction to 
rolling than the chromium-nickel steels. 

It must not be concluded from what has been said 
that the fully austenitic cold-rolled steels of the 18 per 
cent chromium and 8 per cent nickel type are entirely 
unsuitable for lightweight high-strength service. Steels 
of this type have satisfactory stress-strain characteris- 
tics and good ductility when cold-rolled to tensile 
strengths as high as about 150,000 lbs. per sq.in. 
However, as stated previously, when cold-rolled to 
higher strengths they are likely to be deficient in duc- 
tility. 

All these steels exhibit different directional proper- 
ties after cold-rolling, and this should be taken into 


consideration when the steels are used for lightweight 
high-strength construction. In compression the yield 
strength at 0.2 per cent offset is higher in the transverse 
than in the longitudinal direction to rolling, but in 
tension the reverse is true. Generally, the yield 
strength of the chromium-nickel steels at 0.2 per cent 
offset is higher in tension than in compression in the 
longitudinal direction to rolling, but in the case of the 
chromium-manganese-nickel steels the yield strengths 
in tension and compression in this direction are more 
nearly equal to each other. 

The stress-strain properties of all the steels are im- 
proved in both directions to rolling by application of the 
low-temperature stress-relieving heat-treatment be- 
tween 200° and 300°C. (392° to 572°F.). The treat- 
ment ordinarily consumes a period from a few hours up 
to about 72 hours, although as a rule maximum improve- 
ment is attained in a period of about 24 hours. 


(See the following pages for Figs. 14 through 19) 


REFERENCES 


1 Franks, R., and Binder, W. O., The Stress-Strain Character- 
istics of Cold-Rolled Austenitic Stainless Steel in Compression as 
Determined by the Cylinder Test Method, A.S.T.M., June, 1941. 

2 Aitchison, C. S., and Tuckerman, L. B., The ‘‘Pack’’ Method 
for Compressive Tests on Thin Specimens of Materials Used in 
Thin-Wall Structures, Report No. 649, N.A.C.A., 1939. 

3 Aitchison, C. S., Extension of ‘‘ Pack’’ Method for Compressive 
Tests, Report No. 789, N.A.C.A., December, 1940. 

4 Krivobok, V. N., and Lincoln, R. A., Austenitic Stainless 
Alloys, A.S.M., Vol. 25, pp. 637-689, 1937. 

5 Lincoln, R. A., Stainless Steel in Aircraft, Iron Age, Vol. 147, 
p. 35, January 30, 1941. 


6 Bandel, John M., Stainless Steel; New Data and New Pro- 
cedure for Comparing Physical Properties, Iron Age, Vol. 148, 
pp. 45-52, October 9, 1941. 

7 Franks, R., and Binder, W. O., Effects of Low Temperature 
Heat Treatment on Elastic Properties of Cold-Rolled Austenitic 
Stainless Steels, Transactions, A.I.M.E., Iron & Steel Div., 
Vol. 140, pp. 433-458, 1940. 

8 Becket, F. M., Chromium-Manganese Steels, Year Book, 
pp. 173-194; American Iron & Steel Institute, 1930. 

9 Becket, F. M., and Franks, R., The Book of Stainless Steels, 
pp. 497-501; A.S.M., Cleveland, O., 1935. 











STRESS-STRAIN CHARACTERISTICS OF STAINLESS STEELS 433 












































30 30 
iad 28 
8 3 
3% Sad 
‘mi N4- 
QZ 422 1+ + 
: +" 
_ Soi 
= = 
Se Se 
a X 
<* tr 
en aw if 
- a = 
. fe 
40 Ky! 
S| s° 
Q bel 
eee Tre 56 | | 
X oe t 4 a ae ee | nN SS SS ee ee ee ee ee ee ee ee ee a | aaa 
SB Aik SES LS SE EE SR ea SS es a SP ee OI : Sera ware ae a 
4S SERBERS us 18Q000 Wa 
"SKE LAUSESERE BS “it. a cm 1 .-. 2.2 
O be J 10 i  @ @£0 © XS © 8 ® O rw) 10 15 20 25 30 35 ~ £O- Le 50 
COLD REDUCTION, PERCENT CALD REDUCTION, PERCENT 
Fic. 14a. Tension, as cold-rolled. Fic. 14b. Compression, as cold-rolled. 
JOT 1 
28} 
BS 
G Um ts 
td 4 
ye 


s 3 8 8 











R 


S 








TANGENT MODULUS, (ULLIONS OF LB 











6 

| | } | | ye need ‘7 —+ in ie 

0 5 0. ©. 20 35 40 45 5D 40 5 0. © 20 25 30 35 4 45 HD 
CAD QEDUCTION LERCENT CALD REDUCTION, PERCENT 


Fic. 14c. Tension, as cold-rolled and heat-treated at 200°C. Fic. 14d. Compression, as cold-rolled and heat-treated at 200°C. 


Fics. 14a-14d. Tangent modulus vs. per cent cold reduction at various stress levels. Curves derived from the 
18-8 steel data shown in Figs. 3a—3d. Longitudinal to the direction of rolling. 
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Fic. 15a. Tension, as cold-rolled. Fic. 15b. Compression, as cold-rolled. 
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Fic. 15c. Tension, as cold-rolled and heat-treated at 200°C. Fic.15d. Compression, as cold-rolled and heat-treated at 200 Cc. 


Fics. 15a—15d. Tangent modulus vs. per cent cold reduction at various stress levels. Curves derived from the 
18-8 steel data shown in Figs. 4a—4d. Transverse to the direction of rolling. 
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Fic. 16a. Tension, as cold-rolled. Fic. 16b. Compression, as cold-rolled. 
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Fic. 16c. Tension, as cold-rolled and heat-treated at 200°- Fic. 16d. Compression, as ——" and heat-treated at 200°- 
275°C. 275°C. 


Fics. 16a-16d. Tangent modulus vs. per cent cold reduction at various stress levels. Curves derived from the 
17-7 steel data shown in Figs. 8a-8d. Longitudinal to the direction of rolling. 
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Fic. 17a. Tension, as cold-rolled. 
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17c. Tension, as cold-rolled and heat-treated at 200°- 


275°C. 
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Fic. 17b. Compression, as cold-rolled. 
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Fic. 17d. Compression, as cold-rolled and heat-treated at 200°- 


275°C. 


Fics. 17a-17d. Tangent modulus vs. per cent cold reduction at various stress levels. Curves derived from the 
17-7 steel data shown in Figs. 9a-9d. Transverse to the direction of rolling. 
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Fic. 18c. Tension, as cold-rolled and heat-treated at 225°C. Fic. 18d. Compression, as cold-rolled and heat-treated at 225°C. 


Fics. 18a-18d. Tangent modulus vs. per cent cold reduction at various stress levels. Curves derived from 
the 17 per cent chromium-5 per cent manganese-4 per cent nickel steel data shown in Figs. 12a—12d. Longitudinal 


to the direction of rolling. 
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Fic. 19a. Tension, as cold-rolled. Fic. 19b. Compression, as cold-rolled. 
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Fic. 19c. Tension, as cold-rolled and heat-treated at 225°C. Fic.19d. Compression, as cold-rolled and heat-treated at 225°C 


Fics. 19a-19d. Tangent modulus vs. per cent cold reduction at various stress levels. Curves derived from 
the 17 per cent chromium-5 per cent manganese-4 per cent nickel steel data shown in Figs. 13a—13d. Transverse 


to the direction of rolling. 








